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Observing flow using fast neutron radiography and positron emission particle
tracking
by Graham Clinton DANIELS
Dynamic flow of material has been studied using fast neutron radiography (FNR)
and positron emission particle tracking (PEPT). A new fast neutron imaging system
was commissioned at The South African Nuclear Energy Corporation, Pretoria, as part
of this study, although FNR measurements were ultimately performed at Physikalisch-
Technische Bundesanstalt (PTB), Braunschweig. The PEPT studies were undertaken at
the PEPT Cape Town facility located at iThemba LABS, Cape Town. The steady state
motion of media, within a laboratory-scale tumbling mill, was studied for a range of
speed and media mixes, using both FNR and PEPT. Several operational parameters
were derived from the data, which could be related to potential improvements to the
milling efficiency. The blending of FNR and PEPT data for the study of steady state
flow, was explored for the first time. In addition, the flow of water through porous
media was studied using FNR, which enabled the determination of the hydraulic con-
ductivity, and hence intrinsic permeability, of the media within the column. The po-
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Fast Neutron Radiograpy (FNR) has matured into being widely used for the interro-
gation of the structural and elemental composition of materials and objects in a wide
range of contexts. This includes the examination of the steady state of dynamic flow,
hydraulic conductivity observations, cultural heritage studies and security applica-
tions. Fast neutrons offer high penetrability and their interaction cross-section exhibit
energy dependent isotope specific resonance features that can be exploited. In recent
years advances in neutron production and neutron detection has allowed FNR to find
application in contexts which require higher fluxes and faster imaging. The higher
penetrability and element specific interaction of fast neutrons allow for examination
of larger systems and/or deliver additional information beyond that achieved when
using thermal, epithermal or cold neutrons or X-rays as a probe.
For example, applications in the field of cultural heritage were carried out at the
Radio Frequency Quadrupole (RFQ) facility at Necsa, South Africa, from which a ra-
diograph of a skull was examined, in-situ, using a 7.0 MeV neutron beam, as shown in
Figure 1.1 [1]. This was the very first application of FNR for cultural heritage samples
in South Africa. Both the frontal and maxillary sinus cavities can be seen, the shapes
of which are of high importance when conducting evolutionary studies of humans [1].
As another example, fast neutrons are used for the detection of contraband. The ex-
ample presented in Figure 1.2 [2] identifies a nitrogen free improvised explosive, the
oxygen rich TriAcetone TriPeroxide (TATP) surrogate (or substitute) of same density
and elemental composition. Figure 1.2a shows a setup having six milk bottles and four
vials filled with TATP surrogate and water, with a TATP surrogate placed within the
upper middle milk bottle. A combined neutron and gamma radiograph is presented
in Figure 1.2b however this does not reveal the TATP surrogate placed inside the milk
bottle. By making use of the resonance effect of fast neutrons to specific elements and
at specific energies one can reconstruct areal densities of the elements to determine
their composition. This is done by employing Fast Neutron Resonance Radiography
(FNRR) [2] and the result is presented in Figure 1.2c where only the vials having TATP
present can be seen. This has a direct benefit to applications in security.
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FIGURE 1.1: Fast neutron radiograph of a skull sample measured at the
Necsa RFQ facility
FIGURE 1.2: Identification of the TATP surrogate using FNR. The figure
is taken from [2] with permission of one of the authors
1.1 Context of the present work
Understanding the nature of the steady state of dynamic flow within complex moving
systems is important in modelling their behaviour. This will allow for a greater opti-
mization of the system’s design and construction, which will have a direct impact in
increasing efficiency. Two such systems in which the steady state of dynamic flow is
examined, are the tumbling mill system, where the mill charge reaches a steady shape
for a set rotation speed, and the hydraulic conductivity of sand (k) where the steady
state FNR is captured rapidly, to determine the flow of water through the sand which
is used to calculate k.
Tumbling mill dynamics are an important part of mineral processing systems,
which use the comminution process to facilitate the breakdown of a large object into
smaller pieces through crushing and grinding. The shape and flow of the mill charge
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is important in ascertaining the best comminution of the mill charge. This investi-
gation makes use of the FNR technique to examine the behaviour of the mill charge
which varies between steel, wood, glass and plastic beads. The layering and shape of
the mill charge are observed using FNR. From this the motion, a density distribution
and effective mixing experienced by the mill charge are inferred and related to com-
minution. The PEPT technique is also used to determine the shape of the mill charge,
which follows the 68Ga positron emitter as it moves within a tracer particle that forms
part of the mill charge. This yields a representation of the shape of the mill charge
during rotation, which is then compared to the results obtained when using fast neu-
tron radiography.
To study the flow of water through porous media, FNR is employed to deter-
mine the intrinsic properties of sand, with the focus being the determination of the
hydraulic conductivity, k. This hydraulic conductivity is the ability of the sand to
transmit water, the knowledge of which is of importance when planning earth stor-
age leakages and water control structures. The constant head method is applied for
this analysis. Examining the attenuation of fast neutrons by water, shows the evolu-
tion of the waterfront and from the resulting radiograph, the parameters required to
determine the hydraulic conductivity are obtained. These parameters are input into
Darcy’s Law [3] and Gardner’s Equation [4] and are used to calculate the hydraulic
conductivity of the sand. Fast neutron radiography is shown to obtain unique infor-
mation of the water absorption through sand, from which the hydraulic conductivity,
k, is calculated.
The research carried out during this thesis applied, for the first time, the technique
of fast neutron radiography to tumbling mill systems. Important operational param-
eters are extracted from the resulting fast neutron radiographs once the steady state
condition of the mill charge is reached. Fast neutron radiography is also applied to
observe the flow of water through sand, examining a thicker sample then previously
tested using other techniques. A first ever comparison is made between fast neutron
radiography and positron emission particle tracking, when applied to the tumbling
mill system. This highlights the complementarity of transmission and emission radio-
graphy.
1.2 Thesis aim and content
This thesis aims to show the requirements of a fast neutron radiography system and
the application of the fast neutron radiography technique to the steady state of dy-
namic flow and the flow of water through porous media.
The study will show the effectiveness of fast neutron radiography as a capable
technique which enables the visualization of the internal dynamics of a mill charge
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under rotation and also the flow of water through sand. The study of the flow within
a tumbling mill is also examined and verified using the Positron Emission Particle
Tracking (PEPT) technique.
To achieve this, an available RFQ accelerator-based neutron source at Necsa was
upgraded and evaluated. The development and design of a new FNR imaging sys-
tem is also presented which will make higher resolution FNR possible at this RFQ
accelerator-based neutron source of Necsa, South Africa. The FNR technique is ap-
plied to investigate the dynamics of mixing processes within a tumbling mill and
hydraulic conductivity studies, where the flow of water through porous media was
studied. Due to the lack of availability of the Necsa accelerator at the time of this
work these studies were performed at the PTB Braunschweig accelerator facility. A fi-
nal examination of the internal dynamics of a mill charge under rotation is conducted
using PEPT and its results are compared with the corresponding results of the FNR
investigation.
This examination is verified using acquired experimental data, which is then ap-
plied to well-established theories, to determine the important parameters required
for hydraulic conductivity, internal mill dynamics and PEPT data. In addition, the
optimization of the RFQ facility components at Necsa is experimentally verified by
observing the beam shape and beam current on the target. The Necsa FNR system is
also tested by conducting initial tests at the RFQ facility.
The contents of each following chapter is summarized here. Chapter 2 gives an
overview of the theory of FNR and the description of the detection systems used for
this technique. A new generation of fast neutron detectors and an overview of types
of fast neutron sources are also described in detail.
Chapter 3 details the development of an operational accelerator-based FNR sys-
tem, beginning with the RFQ facility and the upgrades that were performed to opti-
mize both the neutron output and the experimental setup. The radiography system
and initial test measurements that were conducted at this facility are presented.
In Chapter 4, an application of the technique of fast neutron radiography to the
tumbling mill system is presented. The internal dynamics of the tumbling mill during
rotation and its mixing are focused on, with the important mill parameters obtained
from the resulting radiographs.
Chapter 5 presents the results achieved when the flow of the internal mill charge
is investigated using the PEPT technique, which makes use of a 68Ga positron emitter,
to image the flow of the mill charge for different rotation speeds and mill charge com-
positions.
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Chapter 6 presents the flow of water through porous media, with the resulting
radiographs used to calculate the hydraulic conductivity (k) using both Darcy’s Law
and Gardner’s Equation methods.
In Chapter 7, the conclusion and recommendations for future work are presented.
Appendix A shows the mathematics and the requirements needed to resolve three
different attenuating materials within a sample. The results of the calculation show





Radiography is an imaging technique that uses the interaction between a penetration
radiation and the atoms of an object to view its internal structure. Initially, the applica-
tion used x-rays, which senses the local electron densities inside the object. Later other
radiation types like neutrons, protons and even muons were also used as interrogat-
ing radiation for these types of investigations. Different radiation has a different and
unique interaction with the matter of the object and therefore provide complementary
information about the composition of the sample. The principal concept of the ra-
diographical technique used in this work is shown in Figure 2.1, where interrogating
radiation, neutrons in this case, probes the object. In FNR the neutrons pass through
the object and interact with the nuclei by scattering or absorption. The probability of
an interaction depends on the nuclear properties of the target atoms and is therefore
isotope specific. This accounts for the unique radiographic information available with
neutron beams. The neutrons transmitted through the object without interaction may
then be detected by a scintillation screen that converts the neutrons into photons, thus
presenting an optical image of the spatial distribution of the transmitted neutrons.
This optical image is captured by a digital CCD camera system [5].
Compared to the much more common X-ray imaging techniques, which are preva-
lent in medicine, industry and research, neutron radiography is still a very small field.
This is due to the requirements of a high flux neutron source, for an acceptable signal
to noise ratio and the sensitivity of detectors [6][7], which has been a major limiting
factor to the advancement of this technique. As neutrons carry no net charge, their in-
teraction cross-section with matter is different from X-rays and occurs mainly through
nuclear forces (mechanical or magnetic interaction) [8].
Neutrons interact with matter or, more specifically, the atoms of matter in their
own unique way with the interaction only dependent on the specific atom and in-
cumbent neutron energy. The cross section does not depend strongly on the atomic
number. Each nucleus comprises a set of protons and neutrons and an electron cloud
surrounding it. The electron cloud holds the initial negative charge that an incoming
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FIGURE 2.1: Method for performing radiography on samples
particle can see, so here the Coulombic interaction can take place. This is the case for
x-rays, as they interact with the electron cloud surrounding the nucleus. This makes
the x-ray interaction dependent on the atomic number. However, as neutrons are elec-
trically neutral, liberated neutrons pass through the electron cloud and interact with
the nucleus directly, this dependency being highlighted in Figure 2.2 and Figure 2.3
[9], showing the fast neutron interaction cross-section and the resonance features of
fast neutrons for hydrogen, oxygen, nitrogen and carbon.
The interaction cross-section (the probability of the neutrons interacting with the
target material) for fast neutrons, Figure 2.3 [9], shows how each neutron will interact
with different elements. Each element has a different neutron interaction cross section
at specific neutron energies as shown in Figure 2.2. The behaviour of the neutron in-
teraction cross section is predictable in the cold, epithermal and thermal regime and
becomes unpredictable in the fast neutron regime as shown in Figure 2.3.
At very low neutron energies, so called thermal or cold neutrons, the cross-sections
are significantly higher than for fast neutrons. Therefore, thermal and cold neutrons
have a shorter penetration depth into the investigating object and this limits the thick-
ness of your object under investigation. The fast neutrons penetrate further into the
object and thus, give one the ability to investigate also larger objects of up to meters
in size.
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FIGURE 2.2: Neutron interaction cross-section of hydrogen, oxygen,
carbon and nitrogen in the 10−6 to 108 eV neutron energy range
FIGURE 2.3: Fast neutron interaction cross-section of hydrogen,
oxygen, carbon and nitrogen in the 106 to 108 eV neutron energy range
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Depending on the energy of the incoming neutron, the number of interactions per
unit volume is proportional to the neutron cross section of interaction with a given
material [8]. This nature of neutrons allows one to extract information from the ele-
ments with a lower atomic number, within the sample, making this a complementary
technique to x-rays whose cross section are higher for materials having elements with
a higher atomic number [6].
Neutron imaging detectors have gone through a vast array of development over
recent years. One of the early imaging techniques for slow neutrons employed foils
[10] that would convert the neutron signal to an electron or alpha particle which in
turn causes a photon output within another foil. Another system used the build-up of
radioactivity on a foil and later transferred this to a photographic film in a dark room
environment [10]. In this case, a low neutron flux yields positive results, however, for
fast neutrons, a lower cross-section of interaction for metals makes the foil activation
effect required to retrieve an image, difficult. Another technique uses a scintillator di-
rectly converting a fast neutron to a photon and then an image recorder, CCD camera,
capturing the photons. The setup for the optical path of this latter setup is presented
in Figure 2.4.
The scintillator is made up of material with the highest possible cross-section for
the neutron to photon conversion. An image intensifier system then amplifies the pho-
ton signal and a lens mechanism is used to de-magnify and focus the image onto the
camera’s CCD chip.
The scintillators can either be plastic, plastic fibre or a 6Li based scintillator, de-
pending on the neutron energy to be detected. When, for example, fast neutrons inter-
act with the atoms of a plastic scintillator the dominant interaction is elastic scattering
with a recoil proton, transferring on average 50% or the kinetic energy of the neutron
FIGURE 2.4: Optical path of a radiography system
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FIGURE 2.5: Conceptual method for the implementation of the Beer-
Lambert Law
to the proton. The proton transfers its energy in close vicinity of the neutron interac-
tion point to the molecules and atoms of the scintillator by ionization and excitation.
In a scintillator a significant part of this energy is then converted to visible photons.
Their local distribution in the scintillator screen represents the local flux density of the
neutrons in the screen. Detecting their distribution via an optical system delivers the
2-dimensional spatial distribution of the neutrons which penetrated the object under
investigation. The choice of scintillator depends on the energy of the neutrons, the
required resolution, neutron flux from the source and makeup of the optical detection
system.The mirror in Figure 2.4 is to protect the electronic components (camera) from
direct neutron exposure [5].
The optical image of the local neutron flux which emanates from the scintillator
screen, is then de-magnified and focused by a lens onto the photo-cathode of an im-
age intensifier. In the last stage, the amplified image which appears on the phosphor
of the intensifier is focussed by a further lens or a fibre optical taper to the CCD chip
of a camera. This image is then captured on a computer for analysis [11].
The analysis of the captured images follows the principles shown in Figure 2.5,
where I0 is the image taken without an object present, also known as the flat field. I
is the image acquired with the object in the beam path and µ is the total attenuation
coefficient of the object with thickness, x. To process the image, the Beer-Lambert Law
is used [12][13], which for multiple attenuating materials is,
I = I0 exp (−Σiµixi) (2.1)
where µi is the attenuating of material i with thickness xi.
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The Beer-Lambert Law, Equation (2.1), describes the attenuation of the neutrons as
they pass through a material and the associated properties of that material. Lambert
found that the ability of radiation to travel through an object is related to its thickness
whereas, Beer found it was related to the concentration of the attenuation species of
the object, i.e. the total attenuation coefficient [13].
The flat field correction corrects the transmission image for inhomogeneous spa-
tial distribution of the neutron field and possible field distortions by the optical system
and the CCD camera. Due to the optical system’s electronics, further corrections are
made to obtain the best image quality [14][15]. If a CCD readout is used as in [11],
[14], [15] the following types of noise must be corrected for:
• Readout noise (R/O Noise) – system noise resulting from the charge carriers in
the CCD, converting charge carriers into a voltage signal that contributes to the
noise signal.
• Background noise – Inherent noise experienced in all detectors that is a result
of your design, setup and background effects, this is taken when no beam is
present.
• Dark current – This is a thermal effect where electron exposure causes the ther-
mal energy to increase to an intermediate state and produce more electrons,
which add to the noise.
These effects are considered by taking an image with the neutron beam-off. It is
subtracted, pixel-by-pixel, from the transmission image and the Flat-field image be-
fore the flat-field correction is performed.
2.2 Detection system development
2.2.1 Introduction
The components of the fast neutron imaging system, shown in Figure 2.4, are detailed
with focus on the PTB (TRION) [11][16] and Necsa systems [1]. These detectors were
used for the fast neutron radiographs obtained for this thesis’ study.
Plans to upgrade the current Necsa imaging system is under way and will be men-
tioned at the end of Chapter 3.
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The optical arrangement, as in Figure 2.4, aims to convert neutrons to photons in
a flat scintillation screen, then focussing and de-magnifying the image by a lens to an
image intensifier and finally capturing this image by a CCD camera.
2.2.2 Scintillator
Fast-neutron detection is most efficient using organic, i.e. hydrogen rich scintillators.
Within the scintillator, the neutrons are scattered by the hydrogen nuclei which re-
coils, ionizes and excites the molecules of the scintillator which, after several internal
energy transitions by wave length shifting molecules, induces the emission of visible
light [17].
Organic scintillators (plastics and liquids) [18] are comprised of hydrocarbon com-
pounds with linked or condensed benzene-ring structures. Valence electrons of the
scintillators matrix molecule are excited by a recoil proton or its secondary electrons
and transfer their energy to radiant states of so called fluors. These fluors de-excite
very fast and produce visible scintillation light. The plastic scintillation has different
light yields for different charged particles and has an inherent temperature depen-
dence, but these remain consistent for a specific setting.
The scintillation output of a typical plastic scintillator emits light at a wavelength
of 425.0 nm [19] with a high output and decay time in the nanosecond regime (which
assists with noise reduction). Plastic scintillators can be cast into shapes that are re-
quired to suit the experimental needs.
Plastic scintillation sheets are used to produce light from the incident neutrons
with the major criteria being the interaction efficiency that ranges between 50% - 70%
[19] neutron absorption cross-section for the scintillator and the scintillation decay
time in the nanosecond regime. The thickness of a scintillator in the form of a fully
transparent slab affects the quality of the images seen by the CCD camera. Since in the
first stage, where the image of the scintillator is focussed on the intensifier photocath-
ode, a very fast optical lens is required, the depth of field (DOF) inside the scintillator,
which is focussed sharp, is very small; in the PTB imaging system of the order of 1.0
- 2.0 mm. However, the thickness of an efficient scintillator for fast neutrons is of the
order of 30.0 to 50.0 mm [18]. To overcome this DOF problem, a plastic fibre scintil-
lator (FOS) can be used, which produces the optical image in a plane at the rear end
of the FOS. The recoil proton produces scintillation inside the fibre and a part of this
travels through the fibre itself. The diameter of each fibre relates to the resolution,
with a small diameter offering better resolution. However, the minimum thickness
of fibres is limited by cross-talk between individual fibres, because the recoil protons
have certain ranges and can cross several fibres if they are too thin. Fibre scintillators
can have an interaction efficiency of 70% [20]. Thus, the rest of the optical components
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can be focused onto the surface of the scintillator. The PTB and Necsa systems use the
fibre scintillator with dimensions of 20.0 × 20.0 × 7.0 cm3 [11] and 19.0 × 19.0 × 7.0
cm3 [20], respectively. The diameter of the fibres are 0.5×0.5 mm2 and 0.5×0.5 mm2
respectively. These are both coupled to a highly reflective surface to make use of any
photons moving in the opposite direction, to further amplify the image.
2.2.3 Bending mirror
Neutrons and gamma-rays cause radiation damage to the electronic and electro-optical
components in the optical path. The CCD sensor is very vulnerable to fast neutrons.
To protect these components, they are moved out of the direct neutron path by a bend-
ing mirror placed at 45◦ to the optical path. This takes the scintillation image through
the optical path for capture by the CCD camera. The mirror has a 99% reflectance,
temperature stability and mechanical rigidity [14].
2.2.4 Lens
The amount of light emanating from the scintillator is not focused, therefore, a require-
ment of an optimal focusing of the image is needed to transfer as much usable light
as possible onto an image intensifier. This being done by means of a focusing lens
(single focus for the Necsa system [20] and a complex custom-made objective for the
TRION system [14]). The Necsa system [20] has lens dimensions of 20.0 cm diameter
aperture which condenses the image onto a 15.0 cm diameter image intensifier. The
TRION system has a lens diameter of 12.60 cm which de-magnifies a 20.0 × 20.0 cm
scintillator screen onto an image intensifier of 4.0 cm diameter [14].
2.2.5 Image intensifier
The image intensifier is composed of a phosphor screen, a photocathode (PC) and one
of two Multi-Channel Plates (MCP), sealed inside a ceramic vacuum tube. A striking
photon on the PC causes a photo electron, which induces an electron avalanche in
the MCP of the order of up to 107 [21] (the photocathode is negatively biased causing
electrons to accelerate toward the MCP which causes emission of secondary electrons
and a successive electron avalanche inside an MCP channel). The electrons which are
ejected from the MCP are accelerated in an electric field and hit the phosphor, where
an electron to photon conversion is induced. For every photon striking the photocath-
ode, the creation of several photons from the phosphor occurs. By that mechanism
the weak optical image which is projected on the phosphor is amplified by potentially
several orders in magnitude. Image intensifiers used in this study are manufactured
by Photek and Photonis.
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2.2.6 Second lens and image intensifier
The second Nikon (5.0 cm) lens focusses the light from the intensifier phosphor to the
CCD chip of the Camera. In the case of TRION a 50.0 mm Sigma Macro lens of F2.8 is
used.
2.2.7 CCD camera and acquisition system
The Necsa system uses a Princeton CCD camera with a 512 × 512 [22] pixel array sys-
tem that is cooled to -30◦C. The system is controlled by an ST-138 controller [23] and
read out through a commercial readout card. The images are captured through the
WinView software package [22] and analysed using Image J [24].
The PTB system uses an FLI camera [14] which has a 4k × 4k resolution, cooled to
-25◦C with a direct USB-B to USB readout and analysed using commercial FLI software
and/or an in-house developed MATLAB code for acquisition and Image J for analysis.
2.3 Comparative fast neutron systems
2.3.1 FANGAS
The Fast Neutron Gas filled imaging System (FANGAS) was also developed at PTB
with a 0.10 cm thick polyethylene radiator in which neutron induced recoil protons are
produced. Polyethylene is chosen because of its high hydrogen content [25]. Recoil
protons escape from the foil and ionize gas along the track. Electrons near the foil
surface are amplified by the Parallel Plate Avalanche Chamber (PPAC) with a final
amplification taking place in a Multi-Wire Proportional Chamber (MWPC). Position
coding is done using a cathode delay line readout (a sensitive area of 314.0 cm2) [26].
Data for the FANGAS is collected in list mode to achieve a rate of 8.0 × 104 s−1 counts
with a low detection efficiency. Due to the low efficiency of the radiator the images
obtained in Figure 2.6 [26] require long data collection times. Therefore this system
was not used in the experiments for this thesis.
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FIGURE 2.6: The sample, above, with the resulting FANGAS
radiographs presented in (a) and (b), below
2.3.2 CSIRO
This is a dual fast neutron-gamma scanner commissioned at Brisbane airport for appli-
cations in security. It uses a 14.0 MeV D-T neutron generator as its neutron source and
a 60Co gamma source [27]. The fast neutrons in combination with the photons allow
for a better discrimination of materials of different atomic number.. The attenuation
of the two types of radiation in the sample is measured using separate neutron and
gamma-ray detectors, optimized for the best efficiency and highest resolution for each
kind of radiation. Source to detector distance is varied to accommodate for varying
sample sizes. The detectors are placed in a modular configuration to allow for easy
replacement and a high-speed custom software package is linked to process the data,
producing images as shown in Figure 2.7 [28].
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FIGURE 2.7: Image obtained using the CSIRO imaging system at Bris-
bane
2.3.3 PSI system
The PSI system uses a TS14 CCD camera focused onto a BC 400 plastic scintillator [29],
which is transmitted by a bending mirror to the optical path. A focal length of f = 2.50
mm lens is used to focus the image onto the CCD for image capture. Tests were carried
out at the 10.0 MW research reactor of the BNC, with a fast neutron flux of
2.70 × 107 n cm−2 s−1 (neutron energy greater than or equal to 2.50 MeV), used to
create the images in Figure 2.8 [30].
FIGURE 2.8: Image obtained from the PSI imaging system
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2.4 Fast neutron sources
2.4.1 Accelerator based
The development of accelerators began as early as the 1930s. These were small ma-
chines of a few metres in size and have now evolved to the multi-kilometre sized
machines of today.
Some of the earliest applications of accelerators were medically related which grew
to the treatment of cancers, production of medical isotopes, food sterilization and as-
pects to provide energy to processed matter (electron beam welding and x-ray lithog-
raphy). Other accelerators probe into the microscopic range of matter with a focus on
the study of Nuclear and High Energy Physics [31].
One of the first uses of energetic charged particles was the Rutherford experiment
[32]. In this, α particles emitted from radium and thorium were used to discover the
positively charged nucleus. The next step was to use this natural moving α particles
to excite nitrogen through the mechanism [33],
α+N → O +H
(2.2)
which was the first investigated nuclear reaction, showing Rutherford the advantage
of using moving charged particles from nuclear reactions. This prompted a mind-
set in which the idea of charged particles moving at a high energy to overcome the
Coulomb barrier would be ideal to study further nuclear reactions.
The technological limitations of the time deferred the exponential rise in devel-
opment, but the advances in quantum mechanics, more especially the quantum tun-
nelling effect [34], showed that lower energies can be used to penetrate an atom poten-
tial well to split the light atoms. This made achieving acceleration of nuclear particles
at lower energies possible.
The acceleration of microscopic particles such as electrons and protons, under the
influence of an electromagnetic field has two aspects. One related to the longitudi-
nal electromagnetic force (particles moving along the electric field) and the transverse
bending due to the electric and magnetic fields. These are respectively represented by
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which governs the longitudinal motion along the electric field and for the transverse




Particle accelerators can be divided into two categories i.e. linear accelerators that
accelerate through a single pass and circular accelerators that re-circulate the beam
through the accelerating voltages.
Linear accelerators include the Van der Graaff, the Cockcroft and Walton cascade
generator, a Radio Frequency Quadrupole (RFQ) accelerator, etc. For circular acceler-
ators, the cyclotron and synchrotron are most common for applications into nuclear
science. A result of the unique nature of accelerators, being able to accelerate specific
species for tailored experiments, the parameters of the accelerator and its deliverable
output must be considered when deciding what one needs for the experiment, i.e. in-
put power, type of particle and overall cost.
The simplest form of elementary acceleration is the potential drop accelerator [31],
in which a source of ions is accelerated across a pair of electrodes through a potential
drop of ∆V (voltage differential). This is achieved using devices like a cathode ray
tube or electron microscope. It forms the theoretical basis for the electrostatic accelera-
tor built by Van der Graaff and the cascade generator by JD Cockcroft and ETS Walton,
the latter being the first to successfully achieve a nuclear reaction from an accelerator
which was done at Cavendish Labs [36].
These cascade accelerators are high voltage units enclosed in tanks that make use
of a multiplier rectifier-condenser system, in which two rectifying diodes and two
capacitors applied to an accelerator system, give twice the voltage yield which is im-
parted to the particles as they move. It is designed for use up to 5.0 MV and produces
a current output of around the 100s of mA [33]. It achieves this by using the pulsing
DC current to charge a staged capacitor bank, with each stage adding to the total volt-
age experienced by the charged particle, this imparts energy to the accelerating beam.
The Van der Graaff (VdG) accelerator [37] is another electrostatic accelerator that
uses a belt of insulating material that runs between ground and a high voltage (HV)
generator. Charge is then imparted to the belt via a sharp corona discharge, which
induces charge on the hot terminal. This charge is collected and allowed to flow to the
electrode surface. It then creates a high electric potential on the spherical globe, with
the electron stripped off at the lower corona points. The increase in the positive poten-
tial causes any internal gas to undergo ionization and due to the increased potential
(
−→
E ) these ionized charges experience a large Lorentz electric force and therefore accel-
erate. An improvement to this design uses accelerated negative ions from the ground
to the terminal, this is called a Tandem accelerator [33], which are then stripped of
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their electrons via a thin foil. This causes the positive ions in the upper terminal to
accelerate to ground, the principal energy gain is twice that of a normal VdG.
The VdG at Necsa is a 4.0 MV VdG accelerator [38][39], with an ion source capable
of producing accelerating species of H+, D+, Cu+, N+2 and O
+
2 with beam energies of
up to 3.60 MeV and a beam current of 200.0 µA. This beam, when passing through a
bending magnet, drops to a current of approximately 10% of the nominal value. The
fast neutron flux achievable is at most 106 n s−1 cm−2, using a deuterium target.
As the energy requirement increased it became necessary to look at producing
acceleration beyond a few MeV. Another method makes use of the resonance acceler-
ation using a Radio Frequency (RF) field. Here the particle must pass through a small
potential gap in resonance with an oscillating electric field, producing a larger energy
gain. This can be done in series with many gaps causing linear acceleration, or with a
single gap circular device.
In the linear case, several drift tubes are connected to a high frequency oscillator,
Figure 2.9 [33]. Charged particles from the ion source are accelerated between the
gaps of the tube. Whilst the particle is in the tube, the direction of the field is reversed,
this causes the particle exiting the tube to see an accelerating electric field which in-
duces further acceleration. As the particle speed increases, the drift tube length must
increase to accommodate the longer distance travelled, for the same time [40]. This
also ensures that the particle will reach the next gap with the correct phase. Due to
the design, frequency and voltages needed for acceleration, only particles matching
these will be accelerated. RF technology has allowed major gains in the development
of these accelerators, with Linacs going up to 40.0 GeV (electron accelerators) and
800.0 MeV (protons). Another structure consists of resonator tubes that make use of
a standing wave structure created by each tube having a potential distribution, this
causes acceleration of each species through the tube. As these particles become more
relativistic, one needs a high frequency source to modulate their speeds.
For low energy high current machines, the RFQ accelerator is used. It comprises
an inner core of an electrostatic quadrupole which alternates the charge between the
perpendicular poles, Figure 2.10 [33], thus giving the beam electric focusing, bunch-
ing and acceleration. The field produced by the RFQ is continuous with its bunching
effect close to 100% [31] and focusing resulting from the transverse electric gradient.
The electric charge on the vanes oscillates, you get focusing of the beam on one
plane and defocusing on the other which is continually switched and results in a net
focusing effect on the beam [40]. Each vane has the etchings of a sinusoidal wave,
the wavelength increasing as you move away from the ion source. This increasing
wavelength is an accommodation for the beam travelling faster along the induced
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FIGURE 2.9: Conceptual design for a linear accelerating system
FIGURE 2.10: Representation of the RFQ rods showing the modulation
that induces the acceleration field
longitudinal electric field; this is the accelerating field.
The RFQ accelerator at Necsa is a four vane core with a multi-cusp ion source, High
Energy Beam Transport (HEBT) system and a target station. The system operates at
an ideal vacuum of 10−7 mbar. The ion source produces both H+ and D+ ions, which
due to the RFQ’s operating frequency of 200.0 MHz, are accelerated from a potential
of 35.0 keV, through the 4.0 m long RFQ cavity, up to a beam energy of 4.0 MeV forD+
(2.0 MeV for H+). The RFQ runs at a duty cycle of 1.2% and is able to focus a beam
onto a target with a beam current of 1.0 mA (peak) and an associated beam spot of
2.60 mm. This causes a nuclear reaction within the incident target that produces a fast
neutron energy spread of 1.0 to 10.0 MeV with a flux at the target of 107 n s−1 cm−2 [1].
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FIGURE 2.11: Concept representation for the operation of a cyclotron
accelerator
In 1938 Ernest Lawrence realized that you can accelerate the ions and return them
to the same point. This can be repeated and multiple accelerations will occur [41].
From this, his design uses a homogeneous magnetic field so the particle will be bent
back twice to the original RF gap in the RF field and at each time it will experience an
acceleration, which is the principal of the cyclotron shown in Figure 2.11 [33].
This is the first example of circular acceleration with a homogeneous electric field
bending the particles back to the original RF gap between the two D-shaped electrodes
as shown in Figure 2.11, twice in each period. If the RF is set to the resonant frequency,
the particles will continue to pass near the peak RF voltage twice per turn, gaining ki-
netic energy and growing their orbital radius until reaching some extraction point to
move toward a target. To adjust for relativistic speeds, only particles in phase with a
varying RF will be accelerated [41]. In this case, only one bunch of particles will reach
the energy due to the limitation of the magnetic field and RF modulation (synchrotron
principal). Only a few cycles are needed to get to full acceleration.
The two D-shapes are connected to a RF source so the alternating voltage appears
across the gap, with an ion source placed in the centre. The ion source produces ions
at a low initial velocity and with the present magnetic field, the ions move in a circular







where R is the radius of the orbit, m and q the ion mass and charge respectively,
−→
B the
magnetic field experienced and−→v the velocity. The ion, due to its circular motion, has
a period and therefore a frequency. The energy of the beam achievable and its current
is therefore hard-set into the design of the cyclotron, size of the magnets and the ion
source. The ion moves along an increasing orbit as the velocity increases. The field
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lines near the edge acts to stop the beam from diverging but this is the region where
resonance is lost, so this is where it is beneficial to extract the beam. The cyclotron pro-
duces high current beams with the periodicity of the design making for a pulsed beam,
with an energy resolution that is not as sharp as that of an electrostatic accelerator [31].
The PTB isochronous cyclotron CV28 [42] is an energy variable cyclotron with a
magnetic field flux density of less than 1.40 T and a RF system that operates at 26.0
MHz and 35.0 kV. The system is capable of accelerating protons (2.0 to 24.0 MeV) and
deuterons (4.0 to 14.0 MeV) to a beam current of 100 µA. For a 9Be target and a beam
energy of 6.60 MeV, the cyclotron can produce neutrons of up to 108 n s−1 cm−2.
The synchrotron was invented to adjust for the loss of resonance, this modulates
the RF field to keep in step with the frequency [43]. The RF field decreases with an
increased ion energy (acceleration for changing mass). The RF is swept from its maxi-
mum to minimum and this accelerates the beam around a set loop, here however the
current value is lower than the cyclotron but the beam energies are higher. Another
method is to have a varying magnetic field with a varying radius, this magnetic field
focuses and forces the ion to travel along stable orbits with the poles creating high
and low field sectors [44]. This acceleration does not only take one bunch at a time but
many pulses; this yields a large beam current (order of 100.0 µA) operating at a fixed
frequency.
Synchrotron accelerators use a ring of bending magnets, as indicated in Figure 2.12
[33], to push an ion in a circle around an acceleration ring. This type of acceleration
requires the ions to be injected in at a higher energy, then takes the ion species higher
up as it moves along the field. For electrons, input is at relativistic speeds (this being
achieved by using an electrostatic accelerator as an injector). For protons and heavy
ions, this is difficult to achieve pre-synchrotron. Therefore, as close to relativistic as
possible, energies are used as an input to the synchrotron with the RF and magnetic
fields varied to keep the ion’s orbital radius constant. The synchrotron is capable of
producing beam energies of up to the hundreds of GeV (even TeV) [33].
The Large Hadron Collider (LHC) is one of the largest global physics endeavours
where the synchrotron accelerator can produce a beam of up to 13.0 TeV when the ion
travels through a beam circumference of 26.70 km [45]. The LHC was the facility used
in the discovery of the Higgs Boson [46].
For materials studies, accelerators are used to move particles to extremely high
speeds and cause them to react with target material and to act as a source of fast neu-
trons via the nuclear reactions. The specific reactions used at accelerator facilities to
produce fast neutrons are described in Section 2.5 to follow. The advantage of an ac-
celerator based fast neutron source is the possibility to tailor the properties of the fast
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FIGURE 2.12: Concept representation for the operation of a synchrotron
accelerator
neutron beam by choosing the most suitable nuclear reaction (ion and target combi-
nation), target thickness, ion beam energy, intensity and the time structure of the ion
beam, in a way that the resulting neutron beam properties optimally suit the applica-
tion.
The experiments and investigations carried out during this study where conducted
at the PTB cyclotron and Necsa RFQ.
2.4.2 Reactor based
Nuclear reactors are a source of sustained energy supply and serve the purpose of
fulfilling nuclear based research. One of the oldest and most powerful sources of fast
neutrons are nuclear research reactors. One type of fission reactor makes use of the
induced fission of enriched uranium (235U) to chromium (92Kr) and barium (141Ba)
after the collision with an appropriately energised neutron [47][48]. The process be-
comes self-sustaining by appropriate moderation and thermalisation of the neutrons
so that they can induce further fission events in a constant and self-sustaining man-
ner, controlled by control rods of neutron absorbers and the core temperature. The
same mechanism can be obtained with mixed 239Pu based fuel elements (instead of
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235U). The neutrons produced form part of a cascading process where each interaction
produces several further neutrons and cause a nuclear chain reaction that can become
unstable and dangerous. For this reason, the reaction has to be controlled, which re-
quires the use of moderators to absorb the extra neutrons produced in the core. The
ideal case is a one to one conversion of neutron to neutron with the moderator absorb-
ing the extra produced neutrons.
The average neutron energy produced in a fission reactor is about 2.0 MeV. This
chain reaction, for neutrons, has a low probability of interaction but this is overcome
by the rate and abundance of fast neutrons present during the process. Reactors are
named in accordance with the average energy of the neutrons that are responsible
for the nuclear chain reaction in the core. Most of the reactors worldwide use ther-
mal neutrons to sustain the chain reaction. Due to this, the dominant applications at
reactors are linked to thermal and slow neutron applications, whereas fast neutron
applications aren’t as common.
All neutrons born in nuclear reactors are fast [49] and as a result of their cross-
section of interaction with hydrocarbons and water, these materials are used as mod-
erators to thermalize the neutrons. This increases the thermal neutron to uranium
interaction and by implication the yield. The spectrum in Figure 2.13 [50] shows a
comparison between the thermal and fast neutron spectra for reactors. One has to
also consider safety and design as these are of the utmost importance when creating a
neutron beam line at a reactor. Due to these limitations, accelerator based fast neutron
sources offer the best option, taking into account the flux, space, safety, signal to noise
ratio and ease of sample handling.
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FIGURE 2.13: A typical neutron energy spectrum from a
nuclear fission reactor
2.4.3 Neutron generators
Neutron generators are compact devices that use the deuterium on deuterium (D-D)
or deuterium on tritium (D-T) reactions to produce fast neutrons, which can be used in
a number of applications. Neutron generators make a small demand on input power,
and due to their small size, make this type of neutron source ideal as a mobile source
[51]. The drawback is that the yield from these is in 4π, with a slight bias in the for-
ward direction. When looking at the solid angle, the average flux is lower than that
achieved when using a linac and this increases the time required to conduct an exper-
iment.
Neutron generators work on the principal of nuclear fusion of the isotopes of hy-
drogen. Deuterium or tritium (or a combination thereof) are excited and accelerated
onto a hydride target of deuterium or tritium, to produce these fast neutrons. The
reactions are shown below, [52] [53],
D +D = 3He+ n(2.50 MeV)
D + T = 4He+ n(14.10 MeV)
with the D-T reaction having the greater yield which makes it a more common source.
Generators produce a higher flux when compared to point sources but are lower than
Linacs.
These neutron generators can be bought as a sealed tube [51], that houses an ion
source, ion optical elements for beam focusing and a beam target. The entire system
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operates completely as one sealed unit, with power supplies being the only external
element. Being a complete system, the ion source has to function as efficiently as pos-
sible with the maximum ions produced using the least gas and power input, whilst
accommodating for the pressure difference between the ion source and the accelerator
tube. When the atomic ions exit the ion source extraction, they are accelerated in an
electric field to 50 keV up to few 100 keV before they hit the target.
The accelerated ions pass through a negatively biased accelerator electrode and
strikes the target. Targets are made up of metal hydrides, be it titanium or zirconium,
on a metal backing, which is then dosed with hydrogen atoms. The temperature ex-
perienced by the target and the overall neutron yield requirement, play an important
role in the target’s design [52].
Compact neutron generators are becoming popular in fields of medicine, neutron
science and security, this is a result of their mobility and yield 108 to 1010 n s−1 at
14.10 MeV, in 4π. The most beneficial ion source due to its high atomic yield is the
RF-Induction discharge ion source. Ions are accelerated toward a titanium target with
the deuterons depositing onto the target, causing it to become a deuterated target.
The PSI neutron generator has a target current of 0.15 to 0.50 mA and a neutron
yield to beam power, with a spot size of 2.0 mm, shown in Figure 2.14 [54], which
gives a neutron output range for the desired experiment.
Figure 2.14 shows the relatively low flux obtained in 4π. This source is limited in
producing a larger signal to noise ratio for good quality radiography.
2.4.4 Spallation
During the spallation process, parts of the target are ejected due to impact or stress.
This is best described when looking at a heavy nucleus emitting a large number of
nucleons after being impacted by a high energy particle [55].
In spallation sources for neutrons, protons are initially accelerated to high energies
(using either linacs or synchrotrons) making them incident onto a solid metal target
[55]. The incident proton beam excites the heavy nucleus to very high energies and
causes it to fragment in many lighter isotopes and a large number of high energy neu-
trons. The advantage of these sources is that they can be pulsed. Suitable targets for
spallation sources are made of high Z elements. Since they have to cooled, liquid tar-
gets from Hg and Bi-Eutecticum are used, but also Tungsten is suitable due to its high
melting point.
In the spallation process you obtain a lower heat release per neutron and the puls-
ing of the source gives a time structure, which is a benefit over reactors [48]. The
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FIGURE 2.14: Time-averaged neutron yield per unit beam power at the
PSI neutron generator
process is not exothermic and the yield is also proportional to the target mass. When
compared to the neutron flux from those of fission we see in Figure 2.15 [55], a much
higher and usable yield in the fast neutron energy regime. For a proton energy of Ep
= 800.0 MeV on a non fissile target one obtains a flux of 2.0 × 1016 n s−1 [47] .
The international trend is to move away from building reactors and focus on the
construction of spallation sources. This is evident by the operational sources, the Spal-
lation Neutron Source in Oak Ridge [56], the Japan Spallation Neutron Source [57] and
the Chinese Spallation Neutron Source [58]. The European Spallation Source (ESS) [59]
is currently under construction with a targeted completion date in 2025.
2.5 Reactions
The primary reactions used in accelerators to produce fast, free neutrons are men-
tioned here. Details are given on reactions that are used to produce the fast neutrons
in this thesis study, with a few others presented to show the range of possibilities. It is
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FIGURE 2.15: Calculated neutron spectra for fission and spallation
using a tungsten target
the total neutron yield using different targets that makes use of tailored targets, to
suit the needs of specific experiments. Figure 2.16 [60] shows the total yield for differ-
ent reactions.
2.5.1 D(d,n)3He
The D(d,n)3He reaction decays as [61],
D + d→ 3He+ n (2.6)
where a deuterium atom is excited by a deuteron beam and produces neutrons from
the fusion reaction. This reaction is known for its large cross-section of interaction and
the fast neutrons that move in the forward direction and its positive Q-value of 3.27
MeV [62].
This reaction also allows one to choose an optimal neutron energy as the deuterium
on deuterium reaction (D-D) yields a discrete energy neutron signal. The target thick-
ness is also important and relates directly to yield [60], with the requirement that the
target be as thin as possible, for a maximum yield. If the target is too thick the beam
will be absorbed into it.
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FIGURE 2.16: Total neutron yield obtained when using a thick target
A gas cell of deuterium is also used as a quasi mono-energetic neutron source in
the 2.0 to 8.0 MeV intervals. Deuterium is preferred over tritium, as tritium gas is poi-
sonous. The neutron yield in the forward direction, is dependent on the gas pressure
and the incumbent deuteron energy. For a 6.67 MeV deuteron beam, the relative flux
density is shown, for varying gas pressure and neutron energies as in Figure 2.17 [60].
Figure 2.17 shows the almost mono-energetic neutron peak with a maximum yield
proportional to the deuteron energy in the forward direction. As the deuteron energy
varies, so does the yield, demonstrating the energy selective nature of this reaction.
The Necsa RFQ accelerator had a windowless gas target that operates at 3.0 Bar
pressure, this 4.0 to 5.0 MeV deuteron accelerator then produces 7.0 to 8.0 MeV fast
neutrons in the forward direction [1].
Due to the exothermic nature of the D-D reaction, the neutron energy, En, and











to which we apply a Taylor approximation for the
√
x. Also, noting that in the forward
direction θ = 0 and the Q-value is Q = 3.30 MeV [62], Equation (2.7) simplifies to,
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FIGURE 2.17: Spectral yield of D-D neutrons versus deuterium gas cell
































































= 0.93Ed + 1.18Q
En ≈ Ed + 3MeV. (2.8)
From this a plot of the relation between En and Ed, is shown in Figure 2.18, for the
gas cell target.
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FIGURE 2.18: Relation of neutron energy to deuteron energy for the
D-D reaction
2.5.2 9Be(d,n)10B
Using such a target with a thick target layer, they produce a high neutron flux over a
wide range of neutron energies.
Knowledge of the spectrum from the thick target at different D+ energies is impor-
tant. The 9Be target must be kept under a good vacuum to preserve the target for the
experiment, with the holders made of a cooled conductive metal, like copper.
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FIGURE 2.19: Multiple foil activation unfolding of neutron spectra from
a thick Be target
The neutrons produced using a 9Be target have a wider energy spread when com-
pared to D(d,n), with the average neutron energy produced by deuterons of energies
of Ed = 6.67, 9.55 and 13.55 MeV incident onto a 9Be target as shown in Figure 2.19
[63] with a peak intensity measured in the forward direction.
The 9Be target has suitable thermal and metallic properties and little residual ra-
dioactivity in the fast neutron range. These 9Be targets (5.0 to 7.0 µm) produce an
output neutron energy range that is evident in Figure 2.20 [64].
Metal targets, like these that are chemically stable, can be machined into required
shapes, have better thermal conductivity and therefore manage a higher beam current
and last longer during an experiment.
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FIGURE 2.20: Neutron spectra produced by 1.45 MeV deuterons on a
8.0 µm thick beryllium target and by 2.30 MeV protons on lithium
When Ed is lower, a Q-value of 4.36 MeV [64] is required for the 9Be(d,n)10B reac-
tion with the En spectrum being continuous for the four excited states of 10B. When
Ed is higher, many body reactions will occur. This will increase the neutron yield and
add to the spectrum.
The stopping power of 9Be for given deuteron energies, Ed, is shown in Figure
2.21 [61], with a higher Ed passing through thicker targets. For thick 9Be at Ed of 7.0
to 13.50 MeV the En yield along the direction of propagation versus the En and θ, is
shown in Figure 2.22 [61].
This highlights the 9Be target as a preferred choice for producing a wide neu-
tron energy range with the peak at 5.0 MeV (Ed=7.0 MeV) but widening for higher
deuteron energies. The neutron yield from the 9Be target is approximately 1.50 times
greater [60] than that achieved using the 7Li(p,n)7Be reaction.
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FIGURE 2.21: The stopping power of the 9Be target to deuterons
FIGURE 2.22: Neutron energy spectra of the 9Be neutron source with
the thick beryllium target at different incident deuteron energies
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2.5.3 7Li(d,n)24He
This reaction makes it possible to create fast neutrons of up to 18.0 MeV with the Ed =
1.0 to 2.0 MeV, Figure 2.23 [60].
For thick 7Li targets, this reaction also produces a 7Li(d,p) 8Li reaction that yields
high energy electrons, making neutron-electron irradiation possible, the electron, how-
ever, will be better filtered out.
Lithium targets require care in handling as lithium melts at low temperatures and
therefore must be transported in oil and placed immediately in the target station, with
cooling. Chemical properties also present a difficulty as lithium oxidises rapidly, with
an oxygen layer developing on the surface quickly. Carbon can also easily deposit on
the target from diffusion pumps, which are used to create the target vacuum, which
compromises the target integrity and therefore the neutron signal [65]. Furthermore,
it reacts with water vapour, which is abundant even in vacuum systems.
En is measured using the time of flight technique, which requires a pulsed beam of
neutrons for the neutron energy resolution. Since the distance to the detector is known
and the time for the signal to reach the detector is known, the energy of the neutrons
can be calculated. If the repetition rate is too fast, the low energy parts of the signal
will mix with the higher energy of the incumbent signal and resolution will be lost,
but this can be adjusted for from the pulse height spectrum [65].
2.5.4 7Li(p,n)7Be
For a maximum yield from this reaction, the forward direction is favoured to overcome
the angular anisotropy and beam softening as shown in Figure 2.24 [60]. The gamma-
rays produced through this reaction should be moderated using natural lithium. This
FIGURE 2.23: Neutron yield from 7Li(d,n) reaction at 0◦ for a thick
metallic 7Li target for Ed = 2.0 MeV
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FIGURE 2.24: Double differential neutrons yield from 7Li(p,n) reaction
for angle 0◦, 45◦ and 90◦ for thick metallic 7Li target, initial proton
energy 2.30 MeV
reaction is an endothermic one with a Q-value of less than zero. The production of
7Be is used to determine the neutron yield through its prompt gamma-ray emission,
as the 7Be has a half-life of 53 days [65].
From these nuclear reactions, tailored targets can be used for a fast neutron spec-
trum for specific experiments. There are many such reactions to consider, but for a
maximum yield to minimal Ed the 9Be target has the most optimal results and is the
easiest to operate, due to its good thermal conductivity, robustness, and low residual
radioactivity. The deuterium gas target is difficult to maintain and costly to operate
as this is a turbulent gas flow system. It does, however, offer the best neutron energy




The Fast Neutron Imaging System
at Necsa
3.1 Introduction
The Pelindaba Laboratory for Accelerator-Based Science (P-LABS), worked on devel-
oping a facility capable of producing a flux of neutrons for fast neutron radiography
applications. Necsa has a Radio Frequency Quadrupole (RFQ) accelerator, the D-100.
The team embarked on upgrades and development of the accelerator system in order
to optimize neutron spectrum and neutron flux for its applications.
The RFQ was initially developed for the purpose of performing a non destructive
examination of raw mineral elements. The RFQ was specified to provide a neutron
yield of 1012 n s−1 at a beam current of 50.0 mA. The main usage of the fast neutrons
was that as a probing tool for use in the technique of Fast Neutron Radiography (FNR).
FNR uses the resonance features of the carbon cross-section in the neutron energy
region, around 8.0 MeV, for the detection of carbon in minerals. An in-depth look into
the features of the RFQ accelerator are examined here.
3.2 The Radio Frequency Quadrupole (RFQ) accelerator
The RFQ facility at Necsa contains a multi-cusp radio frequency ion source, that in-
jects 35.0 keV deuterons directly into a four-rod 4.0 MeV RFQ accelerator cavity, spec-
ified to work at a 20% duty cycle. A proposed additional 1.0 MeV is possible via a
spiral loaded three gap booster cavity. By tuning the RF phase between cavities, the
beam travelling through the booster can be accelerated or decelerated, thus achieving
a deuteron beam energy between 3.0 and 5.0 MeV [20]. This beam is incident onto a
windowless spinning-disk, deuterium gas target that operated at 3 bar pressure. The
original configuration of the system is shown in Figure 3.1.
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FIGURE 3.1: Layout of the original 4.0 to 5.0 MeV D+ RFQ system at
Necsa
The operating conditions specified and achieved are shown in Table 3.1 [1]. The
lower deuteron beam current and energy is a result of a limitation within the RF ion
source power supply and the design limitation of the booster which yields a maxi-
mum measured boost of 0.60 MeV instead of the specified 1.0 MeV.
The RFQ accelerator system components are described in Table 3.1.
• Ion source - 36.0 keV plasma source at high RF which extracts only D+ ions for
acceleration.
• RFQ - 4 pole/vane system that is water cooled and works on alternating +/-
across the poles for simultaneous acceleration and focusing.
• HEBT - Quadrupole magnets that focus the D+ beam onto the target.
• Booster - Spiral antenna chamber that adds a possible 1.0 MeV energy to the
beam. Investigation shows that only 0.60 MeV boost to the beam energy can be
obtained and when the booster is off, it acts as a drift space.
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TABLE 3.1: Specified and achieved values for the RFQ
accelerator system
Condition Specified Value Achieved Value
Operating Frequency (MHz) 200.0 200.0
Injection Energy (keV) 36.0 36.0
Maximum Beam Pulse Width (ms) 2.0 2.0
Repetition Rate (MHz) 20.0 - 100.0 20.0 - 100.0
Deuteron Beam Energy (MeV) 5.0 4.60
Average Deuteron Beam Current (mA) 50.0 1.0
Duty Cycle (%) 20.0 0.8 to 1.20
Neutron Flux 4.0 m away from target (n s−1 cm−2) 1.0 × 107 (Deuterium) 1.0 × 104 (Deuterium)
3.0 × 107 (B4C) 1.50 × 104 (B4C)
• Target - The team have access to a gas target that goes from 1.0 × 10−7 mbar
to 3.0 bar over 3.0 cm, with D+ gas and makes use of a high yield, fast neutron
spectrum.
• Solid targets used are B4C, 9Be, 6Li and the reaction X(d,n)Y (as described in Sec-
tion 2.5) to yield neutrons of energy spread unique to each target, which can be
tailored for specific applications [1].
Fast Neutron Radiography (FNR) is a primary application at the facility, where
imaging is conducted by using a large area scintillating fibre screen, image intensifiers
and a cooled CCD camera. Due to a demand for specific applications in which FNR
will be applied, development and upgrades have been made to the accelerator system.
3.3 Optimization of High Energy Beam Transport system (HEBT)
3.3.1 Introduction
The High Energy Beam Transport (HEBT) system is used to focus the accelerating deu-
terium beam onto the RFQ target (gas or solid). The system contained seven Danfysik
quadrupole magnets. These magnets form a magnetic field that varies along the ra-
dial distance from the longitudinal axis, to focus the beam onto the target. The steel in
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TABLE 3.2: Specifications for focusing magnets forming part of the new
HEBT setup




these quadrupole electromagnets is magnetized by passing an electric current through
the coils wrapped around the poles [1].
The magnets making up the original configuration are made up of a smaller mag-
net, namely Q1, having an effective length of 11.0 cm and six larger magnets, namely
Q2 to Q7, each having an effective length of 20.0 cm. The maximum focusing gradient
for each magnet is 4.10 T m−1 with Q1 requiring up to 20.0 A and Q2 to Q7 requir-
ing up to 280.0 A of current. The obstacle created by the seven magnet HEBT system
was the short source to detector length, with a maximum of 2.0 m being available for
experiments. A decision was made to shorten the HEBT by removing four of the fo-
cusing magnets, Q4 to Q7, therefore increasing the source to detector distance to 7.0
m for the experiment. This was the desired length in order to conduct spectral analy-
sis and also enable Time Of Flight (TOF) experiments at a later stage of the project [66].
Removing the focusing magnets had a direct effect on the position of the acceler-
ating beam, therefore simulations of the beam spot size and location were done using
the Trace 3D package [67]. This determined the best quadrupole magnet settings that
will yield the best beam spot size and location. The magnets used in the new HEBT
configuration are shown in Table 3.2.
3.3.2 TRACE 3D optimization for new HEBT configuration
Using the original focusing gradient settings for the magnets, i.e. Q1 = -3.40 T m−1,
Q2 = -2.23 T m−1 and Q3 = 4.10 T m−1, the TRACE 3D simulates the beam profile and
is presented in Figure 3.2, which shows a beam spot size of 7.44 mm diameter.
TRACE 3D [67] is an interactive simulation software that calculates the envelopes
of bunched beams incorporating linear space charge forces, through a user defined
transport system. The program is FORTRAN based and looks at the two dimensional
elliptical projection of the beam in both the transverse and longitudinal projection.
The input beam projection is matched to a desired projection using a series of matrix
transformations. The transformations performed to optimize the new HEBT design
varies the current applied to the quadrupole magnets and calculates the optimal mag-
net settings to achieve the desired beam spot size at the target. For an improved reso-
lution when performing fast neutron radiography, the beam spot size is desired to be
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FIGURE 3.2: TRACE 3D simulation of the initial HEBT configuration
using the original focusing gradient values for Q1, Q2 and Q3 showing
how the input beam shape is transformed to the beam at target shape
as small as possible. Imposing this on the TRACE 3D varying and matching process,
the optimal magnet settings are obtained and presented in Figure 3.3, where Q1 = -4.0
T m−1, Q2 = -4.0 T m−1 and Q3 = 4.10 T m−1. This produces a beam spot of 2.57 mm
diameter, which is the best achievable beam spot size with the new HEBT setup.
3.3.3 Evaluation of TRACE 3D settings for the new HEBT configuration
To determine the effectiveness of the TRACE 3D simulation presented in Figure 3.3,
an examination of the beam location on the target was done, using an aluminium foil
target and a beam quadrant analyser.
The aluminium foil target was placed in the path of the accelerating D+ beam us-
ing the magnet settings, Q1 = -4.0 T m−1, Q2 = -4.0 T m−1 and Q3 = 4.10 T m−1.
Two experiments were performed, one at 1.50 minutes and the other at 8.0 min-
utes, with a noticeable beam achieved on the target which is presented in Figure 3.4
and Figure 3.5, respectively. This shows the areas where the deuteron beam interacted
with the aluminium foil target at an estimated peak beam current of 1.0 mA.
To confirm this, a quadrant analyser, shown in Figure 3.6, was used to determine
the position of the beam as it travels toward the target. The analyser was placed on
the beamline directly before the target. It consists of four tantalum plates, each being
isolated and arranged in such a way that an orifice is at the centre of the beam pipe.
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FIGURE 3.3: TRACE 3D simulation of the new HEBT configuration
matched to obtain the smallest possible beam spot size
showing how the beam is transformed from the input beam shape to
the beam at target shape
If correctly aligned, the beam will be picked up by all four plates with equal beam
current (measured as a corresponding voltage drop at a 1 MOhm resistor by an os-
cilloscope). If not at the centre, the beam will strike either or any combination of the
plates with a non-uniform distribution.
The signal from the plates is captured and shown in Figure 3.7. Each plate displays
the same voltage per division on the oscilloscope. From this we infer that the beam
travels through the centre of the quadrant analyser and by extension the beam pipe.
The magnet settings for the new HEBT setup, simulated by using TRACE 3D, show
an optimal beam on target for this configuration and will be used to conduct the first
and preliminary fast neutron radiography investigations at the RFQ facility.
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FIGURE 3.4: Aluminium target after 1.50 minute exposure to an
accelerating deuteron beam at a peak beam current of 1.0 mA
FIGURE 3.5: Aluminium target after 8.0 minute exposure to an
accelerating deuteron beam at a peak beam current of 1.0 mA
FIGURE 3.6: Illustration of quad analyser used to determine the beam
position, incident onto the target
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FIGURE 3.7: Oscilliscope showing the equal peaks of the
quadrant analyser
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3.4 Preliminary studies using the Necsa Fast Neutron Radiog-
raphy (FNR) system
The Necsa FNR system was described in greater detail in Chapter 2 and was used to
perform these preliminary studies using the RFQ as a neutron source.
The current imaging system has been applied in the field of anthropology in order
to obtain an image of a human skull, this research being honoured by the IAEA as a
success story entitled "The very first application of Fast Neutron Radiography in cul-
tural heritage samples in South Africa under CRP F12024". The result of the study is
shown below with the acquired fast neutron radiograph presented in Figure 3.8. The
image resolution was effected by a diminished capacity in the CCD chip after years of
radiation exposure and the lack of light isolation in the box.
3.5 Necsa FNR system evaluation
3.5.1 Introduction
The FNR system is evaluated using fast neutrons produced by the RFQ accelerator
with the achieved flux mentioned in Table 3.1. The fast neutrons range from 1.0 to
10.0 MeV and were generated when a 4.0 MeV deuteron beam interacted with a solid
boron carbide target, that induced the B4C(d,n) reaction, at a peak beam current of
1.0 mA. The FNR system is setup as presented in Figure 3.9 [1] with a Princeton CCD
camera (512 × 512) being used to capture the image. The system uses a fibre scintilla-
tor, shown to the right of Figure 3.9 and two image intensifiers (150.0 mm and 50.0 mm
diameter) and is cooled to -28◦C. The acquired radiograph is captured using WinView
software and analysed with Image J.
3.5.2 Detector Linearity
The detector linearity of the Necsa FNR system is tested by calculating the ratio of
the maximum, minimum and average counts for both a 15.0 minute and 30.0 minute
acquisition. For a linear response the expected ratio of the counts between the two
acquisitions should be 2.0. Table 3.3 presents the ratio for the maximum, minimum
and average counts.
The ratios presented in Table 3.3 are close to the required value of 2.0 with a maxi-
mum of a 1.5% deviation which indicates a linear response of the detector.
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FIGURE 3.8: Fast neutron radiograph of a skull obtained at the RFQ
facility using the Necsa FNR system
TABLE 3.3: Comparison between the counts from the 30.0 minute and
15.0 minute acquisitions




FIGURE 3.9: Layout of the FNR system at Necsa used to perform the
preliminary experiments
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3.6 Preliminary tests using the Necsa FNR system
3.6.1 Introduction
Preliminary tests were conducted using the RFQ accelerator as a fast neutron source
and the FNR system presented in Figure 3.9. The samples used water, a water and
sugar mixture, sugar, propanol, polyethylene, and a stainless steel bolt were the sam-
ples used.
These initial experiments were carried out to first test the ability of the Necsa FNR
system to capture a fast neutron radiograph and to distinguish between different hy-
drogen rich samples, like water and polyethylene. The ability to observe water is a
key element in the experiments carried out and presented in the following chapters.
The samples are placed directly in front of the scintillator and the images were ac-
quired using the Princeton CCD Camera, with the radiograph captured using Win-
View and analysed using Image J software, by applying Equation (2.1).
3.6.2 Test measurements
The initial tests conducted used a hollow polyethylene cylinder, a glass vial filled with
water and a stainless steel bolt. A second and third test were performed using beakers
filled with water, sugar, a mixture of water and sugar as well as propanol. The noise
contributions were removed from the acquired radiographs. Following this, the ra-
diograph with the sample present was divided by the flat field, yielding the resulting
radiographs that follow.
The polyethylene cylinder, glass vile filled with water and the stainless steel bolt
were initially radiographed and the result is presented in Figure 3.10.
Figure 3.10 shows a distinction between the different attenuating materials in the
setup. The next setup consisted of samples of water, water and sugar, sugar and
propanol. The results are presented in Figure 3.11 and 3.12.
Figure 3.11 and Figure 3.12 show the presence of all the components of the setup.
The observation and distinction of samples that have water present and is applied in
greater detail in Chapter 6.
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FIGURE 3.10: FNR result for polyethylene cylinder, water vial filled
with water and a steel bolt using the Necsa FNR system
FIGURE 3.11: FNR for water, propanol and a mixture of water and
sugar obtained using the Necsa FNR system
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FIGURE 3.12: FNR for sugar, propanol and a mixture of water and
sugar obtained using the Necsa FNR system
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3.7 Evaluation of samples using FNR on the Necsa system
3.7.1 Introduction
Five samples were used to conduct the preliminary investigation using the Necsa FNR
system. The sample characteristics are shown in Table 3.4 [68][69][70].
Each sample causes a different attenuation of the fast neutron beam, which is de-
pendent on the make-up of the material it interacts with.
3.7.2 Sample configuration 1: Polyethylene cylinder, polyethylene block
and a steel bolt
The samples mentioned in Table 3.4 were setup in a configuration presented in Figure
3.13, with the yellow areas highlighting the chosen region of interest, for each object.
This configuration interacts with fast neutrons resulting from the aforementioned
RFQ system with the resulting FNR shown in Figure 3.14. The resulting FNR are pre-
sented in Figure 3.14 which shows the three samples as setup in Figure 3.13. Figure
3.14 shows the presence of the polyethylene block and steel bolt with the polyethylene
block, a hydrocarbon, the darkest.
The results obtained here demonstrate an ability to capture a fast neutron radio-
graph and, for the system, distinguish between hydrogen rich samples (polyethylene)
and a high atomic number material (steel bolt) who both have comparative thickness,
presented in Table 3.4. Further development and optimization of the technique ap-
plied to the Necsa system will be required to perform a more substantive quantitative
analysis. One such development will be the use of a mono-energetic beam by employ-
ing the D(d,n)He reaction described in Chapter 2 and the development of a new high
resolution FNR system described in the following section.
TABLE 3.4: Samples used to perform the preliminary quantitative
FNR investigation




Case 3a (Water Filled) 1.01
Case 2a (Water Filled) 0.63
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FIGURE 3.13: Sample configuration 1 investigated using the Necsa FNR
system
FIGURE 3.14: FNR of sample configuration 1
52 Chapter 3. The Fast Neutron Imaging System at Necsa
3.7.3 Sample configuration 2: Aluminium canisters filled with water
Two aluminium canisters mentioned in Table 3.4 were filled with water and setup as
shown in Figure 3.15, with the region of interest highlighted in yellow.
The purpose of this experiment was to determine the ability of the Necsa FNR
system to image and distinguish water samples of two thicknesses. Two aluminium
cannisters with dimensions of 3.90 cm × 3.90 cm × 1.01 cm (Case 3a with thickness
1.01 cm) and 3.90 cm × 3.90 cm × 0.63 cm (Case 2a with thickness 0.63 cm) were filled
with water and placed in the path of the fast neutron generated by the Necsa RFQ. The
resulting radiograph is shown in Figure 3.16. For the Necsa system, little observable
influence to the resulting FNR, by Case 2a, can be seen in Figure 3.16 which could be
a result of scattered neutrons effecting the desired transmission. Case 3a has a larger
effective thickness and is visible on the left of Figure 3.16 which shows an ability to
image samples above a certain thickness for this system.
FIGURE 3.15: Sample configuration 2 investigated using the Necsa FNR
system
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FIGURE 3.16: FNR of sample configuration 2
3.7.4 Further developments to the Necsa FNR system
Due to the outcome obtained using the current Necsa FNR system, an upgrade to the
system is under way with the basic design presented in Figure 3.17. This upgrade
will improve the image resolution and quality. To save costs, the components that are
functionally suited, from the existing system, will be re-used in the new FNR setup
while upgrades to the camera, focusing mechanism and camera box will be done.
The new system configuration and design is represented in Figure 3.17, with the
new system re-using the main focusing lenses, scintillator, bending mirror and image
intensifiers (as described in Chapter 2). The optical system will now be placed on an
optical bench with a movable track, which can be moved linearly along the optical
path using a stepper motor. This will give the user a remote option to perform both
crude and fine focusing. The control of this movable track will be done using an EPIX
based control system.
The current Princeton 512 × 512 CCD camera will be replaced by a FLI Microline
16803 (ML 0402015) CCD camera [71], with a mechanical shutter of 63.50 mm. The
camera has a Kodak sensor, KAF 16803, that has a diagonal length of 52.10 mm. The
pixel array is 4096 × 4096, with a pixel size of 9.0 µm. The operating temperature of
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FIGURE 3.17: The design of the optical components of the new FNR
system for Necsa
the camera can be as low as -30 ◦C, using a built-in Peltier cooler. The 4k × 4k res-
olution will lead to an increase in the overall image quality of this system. The new
system will then be able to produce images comparable to an image quality achieved
from the TRION detector [11].
The new FNR system is set to be enclosed in an aluminium box that will be coated
internally, preferably black anodized, with seals to ensure the camera box is light-
tight when closed and in operation. This will be done to minimize the adverse effects
caused by stray and scattered light to the resulting radiographs.
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Chapter 4
Flow of Media within Tumbling
Mills
The technique of fast neutron radiography was used to observe the flow of granu-
lar material within a tumbling mill and to examine the steady state of the dynamic
flow. Originally the experiments were to be conducted at the RFQ accelerator at Necsa,
however unforeseen delays and equipment failure resulted in the experiments being
completed at the CV28 Isochronous Cyclotron of the neutron facility at PTB, Braun-
schweig.
4.1 Introduction
Comminution is a process that reduces the average particle size of granular mate-
rial to a smaller average particle size through the process of grinding or crushing. A
tumbling mill is used to perform comminution and enables the liberation of granular
material from larger composites, when applied in the mining industry. The tumbling
mill is filled with a mix of granular material, which makes up the mill charge, that
undergoes comminution as the tumbling mill rotates. The mill charge takes on six
distinct phases [72] during rotation which are shown in Figure 4.1. Each phase is de-
pendent on two parameters, namely the rotation speed of the tumbling mill and the
load fraction of granular material placed within the tumbling mill.
The volume of the granular material making up the mill charge is expressed as a
fraction of the load volume, f, of the tumbling mill. The load volume is the total critical
volume occupied by the mill charge. The fraction is obtained by using the volume
of the granular material, the spacing between the granular material components, the
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FIGURE 4.1: The different phases formed by the charge within the
tumbling mill
where f is the fraction of the load volume, Vm is the volume of the granular material,
Vd is the internal volume of the tumbling mill and η is the packing fraction of the gran-
ular material. Knowledge of how the mill charge changes in relation to the rotation
speed and fraction of the load volume is used to determine the optimal rotation speed
required for the best comminution within the tumbling mill. From the shape of the
mill charge, the optimal rotation speed is achieved when the total ball angle and av-
erage ball lift angle, intersect [74]. Ball here refers to this type of tumbling mill charge
and the angles are presented in Figure 4.2 where,
Total Ball Angle = Ball Shoulder − Ball Toe
Average Ball Lift = (Ball Shoulder + Ball Toe) /2 (4.2)
being dependent on the rotation speed of the mill.
The average ball lift is associated with the amount of granular material of the mill
charge present in the best grinding volume of the tumbling mill and the total ball an-
gle is associated with the volume of the tumbling mill in which the optimal grinding
will occur. From the intersection of the values in Equation (4.2), the optimal rotation
speed of the tumbling mill for the best comminution, will be obtained.
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FIGURE 4.2: Representation of the mill charge showing the total ball
angle and average ball lift
This observation of the total ball angle and average ball lift of the mill charge is suf-
ficient to obtain the optimal rotation speed, however the shoulder, toe and mill charge
can be further subdivided into independent sections that each give an in-depth view
of the mill charge while in the dynamic state. This is presented in Figure 4.3 [73] which
shows the regions, shoulders, and toes of the mill charge during the steady state of dy-
namic flow.
The regions of the mill charge are further subdivided into rising, active, in-flight
and empty regions shown in Figure 4.3. The definition of each region is:
• Rising region: the region that moves up and shows the quasi-rigid motion of the
mill charge.
• Active region: where granular material flows down over the rising region due
to gravity. During cataracting and cascading this region together with the toe
region is one of the optimal grinding areas within the tumbling mill.
• In-flight region: that part of the mill charge into which granular material is ex-
pelled.
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FIGURE 4.3: Important regions and angles of mill charge formed during
tumbling
• Empty region: that area of the tumbling mill which none of the granular mate-
rial will occupy.
The regions are linked together with the rising region being comprised of the ma-
jority of the mill charge that then feeds into the active region. The active region, due to
its motion, transfers granular material into the in-flight region which is the region that
promotes the best mixing and grinding of the mill charge at a given rotation speed
and fraction of granular material. The larger active and in-flight regions indicate that
a greater volume of the mill charge is undergoing comminution.
Also in Figure 4.3 (right) the shoulders, toes and heights of the charge present in
the tumbling mill are illustrated. These provide insight into the movement of the mill
charge. These parameters are defined as:
• Head height: the highest point achieved by the outermost layer of the in-flight
region.
• Bulk shoulder/toe: granular material in the in-flight region that leaves the re-
gion and re-enters in contact with the tumbling mill wall.
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• Departure shoulder: granular material from the bulk bed that exits from the
tumbling mill wall.
• Impact toe: the point where the granular material in the in-flight regions impacts
with those moving in the rising region.
• Re-entry toe: granular material from the active and bulk regions that impact the
tumbling mill wall.
The definitions of the shoulder, toes and height together with the distinct regions,
give a complete description of the internal dynamics experienced by the mill charge
during rotation. This can be used to determine the optimal rotation speed required to
achieve the best comminution.
To examine a mill charge with a higher composition of lighter element granular
materials requires an interrogating radiation with an interaction cross-section that is
higher for the lighter element materials. X-rays have a low cross-section for lighter el-
ements, making it difficult to distinguish the lighter elements [75]. Thermal neutrons,
as an interrogating radiation, are limited by their penetration depth and will not be
able to penetrate the mill charge in this investigation [76]. The mill charge used in this
investigation is therefore interrogated using fast neutrons and the technique of fast
neutron radiography. The mill charge, while achieving the steady state of dynamic
flow, is observed using fast neutron radiography which shows the phases of the mill
charge and also the fill factor of the mill charge along the direction of the penetrating
fast neutrons. The shape of the mill charge is used to determine the optimal rotation
speed for the best comminution within the tumbling mill.
4.2 Experimental setup
The experiments were carried out on the polychromatic beamline at the PTB facility in
Braunschweig. The fast neutron beam is produced via the 9Be(d,n) reaction occurring
at the target station of the CN28 isochronous cyclotron. The cyclotron has an incident
deuteron beam energy of up to 11.50 MeV. A 3.0 mm thick 9Be target is used with the
reaction, producing a fast neutron beam having an energy spectrum ranging from 2.0
MeV to 15.0 MeV with an average neutron energy of 5.50 MeV [77].
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FIGURE 4.4: Experimental setup for the tumbling mill placed on the
rollers and the TRION fast neutron radiography system [78]
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The deuteron beam spot is approximately 5.0 mm in diameter with a beam cur-
rent of up to 40.0 µA, yielding a fast neutron flux of 108 n s−1 cm−2. Fast neutrons
are favoured for this study due to the abundance of lighter elements making up the
mill charge and the thickness of the sample cannot be traversed by thermal neutrons.
The tumbling mill has a cross-sectional length of 7.60 cm and an inner diameter of
14.90 cm. The mill is placed on two rollers, which are connected to a stepper motor
via a pulley system and is presented in Figure 4.4. The rotational speed of the drum
is determined from the characteristics of the stepper motor used to drive the pulley
system. The stepper motor takes 1408 steps to complete a single rotation of the drum.
Each tumbling mill has an intrinsic theoretical speed namely the critical speed Vc,
which is determined by its dimensions and is therefore a parameter of the mill itself
dependent on its diameter and the size (radius) of the load material constituents mak-
ing up the mill charge. If the radius of the load material constituents are significantly
less than the diameter of the mill, the critical speed will depend solely on the diameter.
Every rotation speed used in this study is expressed as a percentage of Vc. The critical








where D is the internal diameter of the tumbling mill, g the acceleration due to gravity
and r the average radius of the granular material components. In this study rD, the














with r  D = 42.3√
D
and D = 7.6 cm
=⇒ Vc = 110.0 rev min−1
= 1.80 rev s−1.
The images were recorded using the fast neutron imaging detector developed at
PTB [78]. The system has a 20.0 × 20.0 cm2 optical screen using Bicron plastic fibres
of 0.70 mm diameter and 5.0 cm length, manufactured by Crytur [80]. The image is
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reflected off the neutron beam axis by a mirror placed at 45◦ and focussed onto an
image intensifier by a lens with an entrance aperture of 12.6 cm at a distance from
the scintillator of approximately 75.0 cm. The image is then focussed onto a FLI 4k ×
4k CCD camera. The fast neutron radiographs are then analysed using Image J and
MATLAB.
The setup presented in Figure 4.4 is placed 1.20 m away from the output of the
target collimator of the cyclotron. The mill is placed directly in front of the scintilla-
tion screen of the fast neutron imaging detector. When taking a fast neutron image
the tumbling mill is started at low speed, accelerates gradually to its end speed and
rotates for some time until a steady state of dynamic flow inside the mill is achieved.
Then the neutron image is taken. The phase of the mill charge is imaged using the fast
neutron detector with several images acquired for an acquisition time of 5.0 seconds.
4.3 Internal mill dynamics and associated parameters
The tumbling mill is filled with different kinds of beads and mixtures of these and
is set to rotate at different percentages of the critical speed. Different mill charges
are used in the tumbling mill and the phases formed during rotation are captured
using fast neutron radiography, for each of the mill charge configurations. For each
configuration the regions, angles, shoulders and toes are obtained from the fast neu-
tron radiograph and presented, after the corrections for the flat field, readout noise
and beam-off is performed. From the calculated parameters obtained using the fast
neutron radiograph, the optimal rotation speed for the mill charge configuration is
inferred.
Figure 4.5 illustrates how fast neutron radiography can be used to observe the as-
sociated parameters formed by the mill charge during rotation, and this is applied to
all the mill charge configurations that were examined. The radiographs were anal-
ysed using the ImageJ [24] software. The resulting radiograph is transformed into a
colour ’heat’ map and the occupied regions are isolated by manually selecting specific
regions, using the built-in function of ImageJ.
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FIGURE 4.5: Important regions and angles of the mill charge made up
of 10.0 mm wooden beads rotating at 47.0% Vc occurring during the
tumbling phase and acquired using the TRION system
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4.3.1 Wooden beads
The tumbling mill was filled with 230.0 g wooden beads of diameter 10.0 mm, which
was subjected to a number of different rotation speeds. The mill charge fills the critical
volume of the tumbling mill with a packing fraction of η = 0.54. The mill was set up
as shown in Figure 4.4. The resulting fast neutron radiographs are presented in Figure
4.6. Figure 4.6 shows the different phases formed by the mill charge, at different
rotation speeds and when compared to Figure 4.5, the mill charge parameters for the
case of the 10.0 mm diameter wooden beads, were measured.
The increasing rotation speed results in an increase in the total ball angle and av-
erage ball lift [81] of the tumbling mill which is presented in Figure 4.7. The angles
presented in Figure 4.7 are normalised to the maximum angle measured during the
experimental run while the power drawn by the stepper motor is normalised to the
maximum power drawn in a single experimental run. This shows the relationship be-
tween the three parameters as a function of the percentage of the critical speed.
An intersection of the total ball angle and average ball lift occurs at 47.0% of the
critical speed, for this mill charge, which infers that this is the best rotation speed for
comminution to occur in this case. At this speed, Figure 4.7 also shows the power
being drawn by the stepper motor. To reaffirm this, a determination of the regions
and angles formed by the mill charge, as shown in Figure 4.5, was done and presented
in Figure 4.8 and Figure 4.9.
Figure 4.8 shows the area of the rising region decreasing with increasing rotational
speed while the areas which promote comminution, the active and in-flight regions,
increase in area. The shoulder angles shown in Figure 4.9 also increase with rotational
speed which is related to the movement of the mill charge from the rising region into
the active region.
The head height position increases with critical speed, as presented in Figure 4.10,
which relates to more of the mill charge moving into the in-flight region.
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FIGURE 4.6: Fast neutron radiographs showing the phases formed by
the mill charge comprised of 10.0 mm diameter wooden beads, for
different percentages of the critical speed at (a) rest, (b) 19.5% Vc,
(c) 31.0% Vc, (d) 39.0% Vc, (e) 47.0% Vc, (f) 54.5% Vc,
(g) 78.0% Vc and (h) 117.0% Vc
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FIGURE 4.7: The total ball angle, average ball lift and power usage of
the tumbling mill system with a mill charge
comprised of 10.0 mm wooden beads
FIGURE 4.8: Area of regions formed by the mill charge comprised of
10.0 mm wooden beads as a function of the percentage of the
critical speed
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FIGURE 4.9: Angles formed by the mill charge comprised of 10.0 mm
wooden beads as a function of the percentage of the critical speed
FIGURE 4.10: The head height formed by the mill charge comprised of
10.0 mm wooden beads as a function of the percentage of the
critical speed
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4.3.2 Glass beads
In this scenario, the tumbling mill was filled with glass beads having diameters of
6.0 mm, 8.0 mm and 12.0 mm with an associated mass of 275.0 g, 293.0 g and 334.0
g, respectively. This mixture of glass beads was subjected to a number of different
rotation speeds. The mill charge fills the critical volume of the tumbling mill with a
packing fraction of η = 0.449. The mill was set up as shown in Figure 4.4. The resulting
fast neutron radiographs are presented in Figure 4.11. Figure 4.11 shows the different
phases formed by the mill charge, at different rotation speeds and when compared to
Figure 4.5, the mill charge parameters for the case of the mixture of glass beads were
measured.
The increasing rotation speed results in an increase in the total ball angle and av-
erage ball lift [81] of the tumbling mill which is presented in Figure 4.12. The angles
presented in Figure 4.12 are normalised to the maximum angle measured during the
experimental run while the power drawn by the stepper motor is normalised to the
maximum power drawn in a single experimental run. This shows the relationship be-
tween the three parameters as a function of the percentage of the critical speed.
An intersection of the total ball angle and average ball lift occurs at 47.0% and
70.0% of the critical speed, shown in Figure 4.12, for this mill charge which infers that
these are the best rotation speeds for comminution to occur. It is at 70.0% Vc that the
power being drawn by the stepper motor is lowest. To determine which of the two
rotational speeds are best suited to the best comminution, further analyses of the re-
gions and angles formed by the mill charge, as shown in Figure 4.5, were done and
presented in Figure 4.13 and Figure 4.14.
Figure 4.13 shows the area of the rising region decreasing with increasing rota-
tional speed while the areas which promote comminution, the active and in-flight
regions, increase in the area. Comparing this to the increasing shoulder angles pre-
sented in Figure 4.14, the optimal rotation speed range is narrowed to between 62.0%
and 70.0% of the critical speed.
The head height position is maximum at 70.0% of the critical speed, as shown in
Figure 4.15, which relates to more of the mill charge moving into the in-flight
region and is therefore the optimal rotation speed for the best comminution for this
mill charge.
4.3. Internal mill dynamics and associated parameters 69
FIGURE 4.11: Fast neutron radiographs showing the phases formed by
the mill charge comprised of 6.0 mm, 8.0 mm and 12.0 mm diameter
glass beads, for different percentages of the critical speed with (a) rest,
(b) 19.5% Vc, (c) 31.0% Vc, (d) 39.0% Vc, (e) 47.0% Vc, (f) 54.5% Vc, (g)
62.0% Vc, (h) 70.0% Vc and (i) 101.0% Vc
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FIGURE 4.12: The total ball angle, average ball lift and power
usage of the tumbling mill system with a mill charge
comprised of 6.0 mm, 8.0 mm and 12.0 mm glass beads
FIGURE 4.13: Area of regions formed by the mill charge comprised of
a mixture of 6.0 mm, 8.0 mm and 12.0 mm diameter glass beads as a
function of the percentage of the critical speed
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FIGURE 4.14: Angles formed by the mill charge comprised of a mixture
of 6.0 mm, 8.0 mm and 12.0 mm diameter glass beads as a function of
the percentage of the critical speed
FIGURE 4.15: The head height formed by the mill charge comprised of
6.0 mm, 8.0 mm and 12.0 mm glass beads as a function of the percentage
of the critical speed
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4.3.3 Wood and plastic beads
In this scenario, the tumbling mill was filled with a mixture of wood and plastic beads
having diameters of 6.0 mm and 5.50 mm with an associated mass of 340.0 g and
114.0 g, respectively. This mixture of beads was subjected to a number of different
rotation speeds. The mill charge fills the critical volume of the tumbling mill with a
packing fraction of η = 0.59. The mill was set up as shown in Figure 4.4. The resulting
fast neutron radiographs are presented in Figure 4.16. Figure 4.16 shows the different
phases formed by the mill charge, at different rotation speeds and when compared to
Figure 4.5, the mill charge parameters for the case of the mixture of wood and plastic
beads were measured.
The increasing rotation speed results in an increase in the total ball angle and av-
erage ball lift [81] of the tumbling mill which is presented in Figure 4.17. The angles
presented in Figure 4.17 are normalised to the maximum angle measured during the
experimental run while the power drawn by the stepper motor is normalised to the
maximum power drawn in a single experimental run. This shows the relationship be-
tween the three parameters as a function of the percentage of the critical speed.
An intersection of the total ball angle and average ball lift occurs at 54.5% of the
critical speed, shown in Figure 4.17, for this mill charge which infers that this is the
best rotation speed for comminution to occur. At this speed, Figure 4.17 also shows a
lower power being drawn by the stepper motor. To reaffirm this, a determination of
the regions and angles formed by the mill charge, as shown in Figure 4.5, was done
and presented in Figure 4.18 and Figure 4.19.
Figure 4.18 shows the area of the rising region decreases with increasing rotational
speed while the areas which promote comminution, the active and in-flight regions,
increase in the area. Comparing this to the shoulder angles presented in Figure 4.19,
the rotation speed for the best comminution for this mill charge is 54.5% of the critical
speed.
The head height position is maximum at 54.5% of the critical speed, as shown
in Figure 4.20, which relates to more of the mill charge moving into the in-flight re-
gion and is therefore the optimal rotation speed for the best comminution for this mill
charge.
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FIGURE 4.16: Fast neutron radiographs showing the phases formed by
the mill charge comprised of 6.0 mm and 5.50 mm diameter wood and
plastic beads, for different percentages of the critical speed with (a) rest,
(b) 19.5% Vc, (c) 31.0% Vc, (d) 39.0% Vc, (e) 47.0% Vc, (f) 54.5% Vc, (g)
78.0% Vc and (h) 101.0% Vc
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FIGURE 4.17: The total ball angle, average ball lift and power
usage of the tumbling mill system with a mill charge comprised of
6.0 mm diameter wooden beads and 5.50 mm diameter plastic beads
FIGURE 4.18: Area of regions formed by the mill charge comprised of
a mixture of 6.0 mm diameter wooden beads and 5.50 mm diameter
plastic beads as a function of the percentage of the critical speed
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FIGURE 4.19: Angles of regions formed by the mill charge comprised
of a mixture of 6.0 mm diameter wooden beads and 5.50 mm diameter
plastic beads as a function of the percentage of the critical speed
FIGURE 4.20: The head height formed by the mill charge comprised of
6.0 mm diameter wooden beads and 5.50 mm diameter plastic beads as
a function of the percentage of the critical speed
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4.3.4 Wood, steel and plastic beads
In this scenario, the tumbling mill was filled with a mixture of wood, steel and plastic
beads having diameters of 6.0 mm, 5.0 mm and 5.50 mm with an associated mass of
106.0 g, 1725.0 g and 114.0 g, respectively. This mixture of beads was subjected to a
number of different rotation speeds. The mill charge fills the critical volume of the
tumbling mill with a packing fraction of η = 0.535. The mill was set up as shown in
Figure 4.4. The resulting fast neutron radiographs are presented in Figure 4.21.
Figure 4.21 shows the different phases formed by the mill charge, at different rotation
speeds and when compared to Figure 4.5, the mill charge parameters for the case of
the mixture of beads were measured.
The increasing rotation speed results in an increase in the total ball angle and av-
erage ball lift [81] of the tumbling mill which is presented in Figure 4.22. The angles
presented in Figure 4.22 are normalised to the maximum angle measured during the
experimental run while the power drawn by the stepper motor is normalised to the
maximum power drawn in a single experimental run. This shows the relationship be-
tween the three parameters as a function of the percentage of the critical speed.
An intersection of the total ball angle and average ball lift occurs at 19.5% and
62.0% of the critical speed, shown in Figure 4.22. At this speed, Figure 4.22 also shows
a lower power being drawn by the stepper motor to be at 62.0% which, for this mill
charge, infers that this is the best rotation speed for comminution to occur. A deter-
mination of the regions and angles formed by the mill charge, as shown in Figure 4.5,
was done and presented in Figure 4.23 and Figure 4.24.
Figure 4.23 shows the area of the rising region decrease with increasing rotational
speed while the areas which promote comminution, the active and in-flight regions,
increase in the area. Comparing this to the shoulder angles presented in Figure 4.24,
the rotation speed for the best comminution for this mill charge is 62.0% of the critical
speed.
The head height position is maximum at 62.0% of the critical speed, as shown
in Figure 4.25, which relates to more of the mill charge moving into the in-flight re-
gion and is therefore the optimal rotation speed for the best comminution for this mill
charge. The technique of fast neutron radiography provides useful quantitative infor-
mation into the structure and dynamics of the mill charge. The important parameters
of the mill charge namely the total ball angle, average ball lift, rising region, active
region, in-flight region, shoulder and toe angles as well as the head height are deter-
mined, from which the optimal rotation speed for the best comminution is inferred.
The ability to determine the optimal rotation speed for a specific mill design, is a key
aspect of tumbling mills used in the grinding/crushing of ore within the mining sec-
tor. The optimal design saves in the cost of up-scaling the mill for full scale operation.
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FIGURE 4.21: Fast neutron radiographs showing the phases formed by
the mill charge comprised of 6.0 mm diameter wooden, 5.0 mm
diameter steel and 5.50 mm diameter plastic beads, for different
percentages of the critical speed with (a) rest, (b) 19.5% Vc,
(c) 31.0% Vc, (d) 39.0% Vc, (e) 47.0% Vc, (f) 54.5% Vc, (g) 62.0% Vc, (h)
70.0% Vc,(i) 78.0% Vc and (j) 101.0% Vc
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FIGURE 4.22: The total ball angle, average ball lift and power
usage of the tumbling mill system with a mill charge comprised of
6.0 mm diameter wood beads, 5.0 mm diameter steel beads
and 5.50 mm diameter plastic beads
FIGURE 4.23: Area of regions formed by the mill charge comprised of
a mixture of 6.0 mm diameter wooden beads, 5.0 mm diameter steel
beads and 5.50 mm diameter plastic beads as a function of the
percentage of the critical speed
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FIGURE 4.24: Angles formed by the mill charge comprised of a mixture
of 6.0 mm diameter wooden beads, 5.0 mm diameter steel beads and
5.50 mm diameter plastic beads as a function of the percentage of the
critical speed
FIGURE 4.25: The head height formed by the mill charge comprised of
6.0 mm diameter wooden beads, 5.0 mm diameter steel beads and 5.50
mm diameter plastic beads as a function of the percentage of the
critical speed
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4.4 Fill factor of the mill charge within the tumbling mill
As fast neutrons travel through the mill charge and interact with the granular material,
we are able to determine the shape of the mill charge using fast neutron radiography,
as presented in Section 4.2. The fast neutrons are attenuated by the mill charge along
their direction of propagation. The material used is comprised of wood, glass, plastic
and steel, each of which have their own attenuation coefficient. These are calculated
by employing the Beer-Lambert Law [82], Equation (4.5), to the transmission of fast
neutrons through standard wood, glass, plastic and steel samples and is presented in
Table 4.1.
I = I0exp(−Σiµixi). (4.5)
Equation (4.5) applies strictly to a mono-energetic incident neutron beam. When
a broad energy neutron spectrum is used, the attenuation coefficient µ determined
using this equation, represents an average value of µ weighted by the shape of the
incident energy spectrum and is dependent on the sample thickness, x. If the thick-
ness of the calibration standard is not drastically different from the thickness of the
analysed sample, the error in µ introduced by the above effect is minimal.
For the wooden standard, the attenuation coefficient is calculated below, with Iwood
being the transmission of the neutron beam through a wooden standard of thickness
4.0 cm and I0 the transmission of the neutron beam with no wooden sample present.
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TABLE 4.1: Attenuation coefficient of beads making up the mill charge





FIGURE 4.26: The region of interest used to calculate the length of the
mill charge at different rotation speeds
The attenuation coefficient for wood, glass, plastic and steel presented in Table 4.1
is used to calculate the mixing of the mill charge. The fill factor of the mill charge
that caused the attenuation of the fast neutrons, was calculated by using the standard
attenuation coefficients presented in Table 4.1 and applied in Equation (4.5). Focus is
placed on the region of interest shown in Figure 4.26, which is going through the cen-
tre of the mill charge for different rotation speeds. The fill factor of the mill charge is
calculated through the region of interest and shown as a function of the y pixel range
of the fast neutron radiograph.
The fill factor is calculated by changing the subject of Equation (4.5), which is










82 Chapter 4. Flow of Media within Tumbling Mills
with i = wood, glass, plastic and steel and µi obtained from Table 4.1.
The I/I0 is obtained from the fast neutron radiograph through the region of interest,
shown in Figure 4.26, together with the attenuation coefficient, is used to calculate the













This gives the fill factor for the wooden beads that causes the attenuation of the
fast neutrons along their direction of propagation, through the region of interest, at
a rotation speed of 47.0% of the critical speed. This is obtained using the radiograph
presented in Figure 4.6(e). A case by case determination of the length of the mill charge
follows.
4.4.1 Wooden beads
The mill was filled with 10.0 mm wooden beads as in Section 4.3.1. Figure 4.6 shows
the phases formed by the mill charge at different rotation speeds. The cascade condi-
tion occurs at rotation speeds that are between 19.5% and 39.0% of the critical speed,
cataracting occurs between 47.0% and 78.0% and the full centrifuge of the mill charge
occurs beyond 80.0% of the critical speed. The fill factor of the mill charge through the
region of interest, Figure 4.26, was determined for the rest, cascade, and full centrifuge
conditions. The I/I0 for the cascade condition was obtained by applying the region of
interest defined in Figure 4.26 to the radiographs shown in Figure 4.6 and is presented
as a function of the y pixel range in Figure 4.27.
In a similar way, the I/I0 for the conditions of rest and full centrifuge were also
obtained and presented separately in Figure 4.28.
Inserting the values of I/I0 into Equation (4.6), the fill factor of the mill charge xwood
that attenuates the fast neutrons, was calculated and shown in Figure 4.29.
Figure 4.29 shows the fill factor of the mill charge for this mill configuration that at-
tenuates the fast neutrons and how that factor changes with different rotation speeds.
This also indicates the presence of 10 mm diameter wooden beads through the region
of interest.
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FIGURE 4.27: I/I0 for the 10.0 mm diameter wooden beads making up
the mill charge, through the defined region of interest, for speeds of
47.0%, 54.5% and 78.0% of the critical speed
FIGURE 4.28: I/I0 for the 10.0 mm diameter wooden beads making up
the mill charge, through the defined region of interest, for the rest and
full centrifuge condition
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FIGURE 4.29: Fill factor of the mill charge, xwood, that attenuates the
fast neutrons at varying rotation speeds
4.4.2 Glass beads
The mill was filled with 6.0 mm, 8.0 mm and 12.0 mm glass beads as in Section 4.3.2.
Figure 4.11 shows the phases formed by the mill charge at different rotation speeds.
The cascade condition occurs at rotation speeds that are between 19.5% and 47.0% of
the critical speed, cataracting occurs between 54.5% and 70.0% and the full centrifuge
of the mill charge occurs beyond 71.0% of the critical speed. The fill factor of the mill
charge through the region of interest, Figure 4.26, was determined for the rest, cas-
cade, and full centrifuge conditions. The I/I0 for the cascade condition was obtained
by applying the region of interest defined in Figure 4.26 to the radiographs shown in
Figure 4.11. It is presented as a function of the y pixel range in Figure 4.30.
In a similar way, the I/I0 for the conditions of rest and full centrifuge was also ob-
tained and presented separately in Figure 4.31.
Inserting the values of I/I0 into Equation (4.6), the fill factor of the mill charge xglass
that attenuates the fast neutrons, was calculated and shown in Figure 4.32.
Similarly as done for the wooden beads above, Figure 4.32 shows the fill factor of
the mill charge for this mill configuration, that attenuates the fast neutrons and how
that factor changes with different rotation speeds.
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FIGURE 4.30: I/I0 for the 6.0 mm, 8.0 mm and 12.0 mm diameter glass
beads making up the mill charge, through the defined region of interest,
for speeds of 54.5%, 70.0% and 78.0% of the critical speed
FIGURE 4.31: I/I0 for the 6.0 mm, 8.0 mm and 12.0 mm diameter glass
beads making up the mill charge, through the defined region of interest,
for the rest and full centrifuge condition
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FIGURE 4.32: Fill factor of the mill charge, xglass, that attenuates the
fast neutrons at varying rotation speeds
4.4.3 Wood and plastic beads
The mill was filled with 6.0 mm diameter wood and 5.50 mm diameter plastic beads
as in Section 4.3.3. Figure 4.16 shows the phases formed by the mill charge at differ-
ent rotation speeds. The cascade condition occurs at rotation speeds that are between
19.5% and 39.0% of the critical speed, cataracting occurs between 47.0% and 78.0% and
the full centrifuge of the mill charge occurs beyond 80.0% of the critical speed. The fill
factor of the mill charge through the region of interest, Figure 4.26, was determined for
the rest, cascade, and full centrifuge conditions. The I/I0 for the cascade condition was
obtained by applying the region of interest defined in Figure 4.26 to the radiographs
shown in Figure 4.16. It is presented as a function of the y pixel range in Figure 4.33.
In a similar way, the I/I0 for the conditions of rest and full centrifuge was also ob-
tained and presented separately in Figure 4.34.
Inserting the values of I/I0 into Equation (4.6), the fill factor of the mill charge
xwood/plastic that attenuates the fast neutrons, was calculated and shown in Figure 4.35.
Figure 4.35 shows the fill factor of the mill charge for this mill configuration that at-
tenuates the fast neutrons and how that factor changes with different rotation speeds.
This also indicates the presence of the mill charge through the region of interest.
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FIGURE 4.33: I/I0 for the 6.0 mm diameter wooden beads and 5.50
mm diameter plastic beads, through the defined region of interest, for
speeds of 47.0%, 54.5% and 78.0% of the critical speed
FIGURE 4.34: I/I0 for the 6.0 mm diameter wooden beads and 5.50 mm
diameter plastic beads making up the mill charge, through the defined
region of interest, for the rest and full centrifuge condition
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FIGURE 4.35: Fill factor of the mill charge, xwood/plastic, that attenuates
the fast neutrons at varying rotation speeds
4.4.4 Wood, steel and plastic beads
The mill was filled with 6.0 mm diameter wood, 5.0 mm diameter steel and 5.50 mm
diameter plastic beads as in Section 4.3.4. Figure 4.21 shows the phases formed by
the mill charge at different rotation speeds. The cascade condition occurs at rotation
speeds that are between 19.5% and 39.0% of the critical speed, cataracting occurs be-
tween 47.0% and 78.0% and the full centrifuge of the mill charge occurs beyond 80.0%
of the critical speed. The fill factor of the mill charge through the region of interest,
Figure 4.26, was determined for the rest, cascade, and full centrifuge conditions. The
I/I0 for the cascade condition was obtained by applying the region of interest defined
in Figure 4.26 to the radiographs shown in Figure 4.21. It is presented as a function of
the y pixel range in Figure 4.36.
In a similar way, the I/I0 for the conditions of rest and full centrifuge was also ob-
tained and presented separately in Figure 4.37.
Inserting the values of I/I0 into Equation (4.6), the fill factor of the mill charge
xwood/plastic/steel that attenuates the fast neutrons, was calculated and shown in Figure
4.38.
Similarly as done for the other cases, Figure 4.38 shows the fill factor of the mill
charge for this mill configuration that attenuates the fast neutrons and how that factor
changes with different rotation speeds.
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FIGURE 4.36: I/I0 for the 6.0 mm diameter wooden beads, 5.0 mm steel
beads and 5.50 mm diameter plastic beads, through the defined region
of interest, for speeds of 47.0%, 54.5%, 62.0%, 70.0% and 78.0% of the
critical speed
FIGURE 4.37: I/I0 for the 6.0 mm diameter wooden beads, 5.0 mm
diameter steel beads and 5.50 mm diameter plastic beads making up
the mill charge, through the defined region of interest, for the rest and
full centrifuge condition
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FIGURE 4.38: Fill factor of the mill charge, xwood/plastic/steel, that
attenuates the fast neutrons at varying rotation speeds
Fast neutron radiography can be used to infer the presence of the mill charge
through the region of interest, which passes through the centre of the tumbling mill.
This is of interest to assist in the building of mathematical models used to determine
the flow of mill charge within the tumbling mill. The results observed through this
region of interest show this as a complementary technique to PEPT, which cannot ob-




Combining FNR with Positron
Emission Particle Tracking (PEPT)
5.1 Introduction
Positron Emission Particle Tracking (PEPT) has developed into a useful technique for
measuring the trajectory of a single tracer particle, moving within a system of granu-
lar or liquid flow or attached to a moving rigid body [83] [84] [85] [86] [87] [88]. The
tracer is labelled with a radionuclide that decays via positron emission. The nearly
collinear 511 keV annihilation gamma-rays are detected, in coincidence, by a modi-
fied Positron Emission Tomography (PET) camera. This coincidence detection defines
their Line Of Response (LOR). The chronologically measured LORs may be used to
triangulate the position of the moving tracer. In principle, only two LORs are nec-
essary, but the recording of non-useful LORs from the detection of gamma-rays after
undergoing Compton scattering between creation and detection and the coincident
detection of two gamma-rays unassociated with the same annihilation event means
that a larger number of measured LORs are required. However, up to 4.0 MHz of raw
coincidence events can be processed by a PET camera, the tracking of particles moving
as fast as 10.0 m s−1 may be realized. Velocities and accelerations are determined from
measured position-time coordinates (t; x, y, z) via an interpolation and differentiation
algorithm [86] [89] [90]. Other parameters, such as occupancy, residence time, mixing
indices, diffusion constants, vorticity and porosity are also routinely determined from
the measured coordinates.
PEPT was formally postulated in the early 1990s by a group at the University
of Birmingham [83] [84] [85]. PEPT Cape Town [91] became the second operational
PEPT facility in the world in 2009, after the Positron Imaging Centre at the University
of Birmingham. The laboratories of PEPT Cape Town [91] are situated at iThemba
LABS (Laboratory for Accelerator-Based Sciences) in Cape Town, South Africa. This
is a national laboratory that operates a number of accelerators, including a k = 200
separated-sector cyclotron. The cyclotron facility routinely produces light and heavy
particle beams for nuclear physics research and radioisotope production. The PEPT
Cape Town laboratories house the ECAT EXACT3D HR++ (Model: CTI/Siemens 966)
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FIGURE 5.1: The ECAT EXACT3D HR++ PET scanner at PEPT Cape
Town, which has been adapted for PEPT
PET camera, shown in Figure 5.1, and a number of smaller PET systems. The PET
scanner was designed to achieve high resolution and high sensitivity for PET-based
research [92]. The camera consists of 27 000 detector elements with a ring diameter
of 82.0 cm, producing a 23.40 cm axial field of view. The data-acquisition system can
maintain a maximum acquisition rate of about four million coincidence events per
second, with a much higher data-acquisition rate possible, in short bursts [92].
Over the last decade, a wide range of PEPT applications has been explored, both
at the Positron Imaging Centre and PEPT Cape Town, in particular: powder mixing
[93], particle and fluid behaviour in granular beds [94] [95], fluidization phenomena
[96] [97], rotating drums [98] [99] and minerals processing [100] [101] [102]. Data are
recorded chronologically, where each coincidence event is written to a circular buffer
that is written to disk as a list-mode stream every half buffer, describing the two de-
tector elements in the ring that give rise to each LOR and a time-stamp accurate to one
millisecond per event, with the coincidence timing having a 1.0 ns resolution. Data
representing a single LOR contains 32 bits of information. To represent the LORs in
software, each event is de-constructed into Cartesian coordinates describing position
and time for each LOR. The analysis of list-mode data from a PEPT run begins with
slicing a series of chronological coincidence events (recorded LORs) into equal groups
of events N. For a chosen N, the uncertainty scales as 1/
√
N and therefore a larger N
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FIGURE 5.2: An axial projection of one thousand lines of response
measured in about one second by the ECAT EXACT3D HR++ PET
scanner (a) before and (b) after application of the PEPT algorithm
gives a higher precision. The ctrack algorithm is used to determine the location of the
tracer and is based on the premise that for a given N, all uncorrupted LORs should
ideally intersect at a single point in space, i.e. the location of the tracer [83]. In prac-
tice, LORs typically do not all intersect, for a variety of reasons (some are caused by
the effect of Compton Scattering); thus, the approach is to find the point in space that
minimizes the sum of the perpendicular distances to the LORs. Since a proportion
of the LORs are corrupted by one or both of the coincident gamma-rays undergoing
Compton scattering before detection, or by the detection of uncorrelated gamma-rays
in coincidence, the algorithm must disregard these events and determine the location
from a set of uncorrupted LORs. The current implementation of the algorithm requires
the specification of the set size N, the percentage f of N LORs to use in the triangula-
tion of each location and a maximum acceptable uncertainty for the final solution [83].
The choice of N and f depend on the total LORs recorded in the run and the propor-
tion that have been corrupted. An acceptable range for f in practice is between 40% to
50%. The ctrack algorithm is used to obtain the final solution [83] [88] [89].
As an illustration, Figure 5.2 shows an axial projection of roughly 1 000 LORs mea-
sured in about one second by the ECAT EXACT3D HR++ PET scanner, before and after
application of the triangulation algorithm, which has to be optimized for f, to diminish
the contribution resulting from Compton effects and non coincidental gamma-rays.
As an example, PEPT measurements of a tracer tumbling inside a small rotating
drum of internal diameter 7.0 cm and volume of 1.0 l, filled with glass beads of diam-
eter 5.0 mm are shown in Figure 5.3. The left panel shows a few thousand coordinates
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FIGURE 5.3: An example of a PEPT measurement of (a) a few thousand
locations (z-axis projection) of a tracer moving within a small rotating
drum filled with glass beads of diameter 5.0 mm; and (b) the average
velocity field determined for the tumbling tracer
measured with a frequency of a few kHz, axially projected onto the x-y plane, and
the right panel, the axially projected average velocity field determined for voxels of
volume 2.0 × 2.0 × 2.0 mm3. This figure presents the velocity field, which is shown
by the arrows in the right panel of Figure 5.3. It is meant to show the axially projected
average velocity field determined for voxels.
In PEPT studies, it is usually important for the shape and composition of the tracer
to be as similar as possible to the material represented. Furthermore, the activity of
the tracer must be such that sufficient LORs are recorded per second to produce a
measurement of the trajectory of the tracer with a high location frequency and mini-
mal uncertainty, as the PEPT technique is widely open to accept all combinations in
the ring scan making it a 3D PEPT image. There is often a trade-off between tracer
activity and physical characteristics. A large number of positron-emitting radioiso-
topes, with half-lives ranging from minutes to years, are in principle suitable for PEPT
tracers. However, since it is frequently unrealistic to recover a tracer particle from the
bulk of the liquid or powder under study, the half-life (t 1
2
) of the radioisotope should
ideally be long enough to enable tracking over a practical experimental timescale but
short enough for the tracer to be discarded as radioactive waste after use. Radioiso-
topes commonly used for PEPT experiments are 68Ga (t 1
2
= 68 minutes) and 18F (t 1
2
=
109 minutes). 22Na (t 1
2
= 2.6 years) is often useful in experiments where the tracer can
definitely be recovered or for calibration.
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A number of different techniques are used for the production of tracers. The
method used worked on the principle of drill and fill. Larger tracers are manufac-
tured at the PEPT facility at iThemba-LABS by absorbing 68Ga into a small resin bead,
which is then inserted into the active material by micro-drilling into the particle and
then backfilling and sealing the aperture with a resin [72]. The activity with which
a tracer particle may be labelled depends strongly on its size and composition. For
typical PEPT applications, it has been found that tracer activity must be between 10 to
40 MBq (about 300 to 1000 µCi). In the absence of significant scattering and absorb-
ing material in the system under study, the number of measured LORs per second is
directly proportional to the activity with which the tracer is labelled [103]. However,
the system under study often presents a scattering environment that is dynamically
changing with respect to the location of the tracer within the system, which can add
complexity to the tracking analyses.
In this chapter the PEPT technique is applied to the tumbling mill experiment,
when the mill charge is filled with 10.0 mm wooden beads and a mixture of 6.0 mm,
8.0 mm and 12.0 mm glass beads. The results achieved using PEPT are compared to
those obtained when using FNR.
5.2 Experiment
The tumbling mill apparatus was positioned axially at the centre of the field of view
of the ECAT EXACT3D HR++ PET scanner, as shown in Figure 5.4, providing a stable
platform onto which the mill can rotate. 68Ga was embedded into a 10.0 mm wooden
bead, an 8.0 mm glass bead and a 12.0 mm glass bead and used as tracers for the stud-
ies. Each type of bead has a hole through the centre in which a drop of 68Ga solution
was inserted with a pipette, allowed to evaporate, and sealed with resin. The initial
activities ranged from 1.20 mCi to 2.0 mCi. The mill rotation speed was set at 39.0%
of the critical speed Vc(with an approximate total of 20448 revolutions for the entire
acquisition period), for the tumbling mill filled with wooden beads and 31.0% Vc for
the tumbling mill filled with a mixture of glass beads (with an approximate total of
16368 revolutions for the entire period). The chosen speeds induce the interim cas-
cade/cataracting phase formed by that mill charge, as highlighted in Chapter 4. To
prevent the tracer from getting trapped in a specific region, the rotation of the tum-
bling mill is paused and the mill charge re-mixed before the collection of PEPT data
resumes. This is done every 15 minutes to increase the probability that the tracer will
visit every location of the rotating mill charge. PEPT data was acquired for eight hours
a day, per tracer per mill charge, with the number of recorded events diminishing over
the eight hours, as the tracer activity reduces. After LOR reduction, the processed data
was analysed and plotted using python based routines available at PEPT CT.
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FIGURE 5.4: Experimental setup at PEPT Cape Town with the rollers
and mill set in the middle of the ECAT EXACT3D HR++ PET Scanner
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5.3 Results
The results obtained using the PEPT technique are presented here, for 10 mm wooden
beads and a mixture of glass beads. These are also compared to the results from the
fast neutron radiography study.
5.3.1 Optimization
Prior to the tumbling experiment a 22Na stationary tracer was placed in the centre of
the PET scanner and used to determine the best N and f values for the current experi-
mental configuration [92], with each event defined with a global clock of frequency 1.0
kHz and a temporal resolution of 1.0 ms. The optimal values of N and f are obtained
when the uncertainty from the LOR reduction for the 22Na stationary tracer, using the
ctrack algorithm, is minimized. Various N and f values were examined with the re-
sults presented in Figure 5.5. A larger N requires a greater time to perform the LOR
reduction, therefore the optimal value of N for this experimental configuration was
chosen to be 500, as its uncertainty is comparable to when N is 750 (The 22% discrep-
ancy between N=500 and N=750 in relation to each other, Figure 5.5, covers a range
of 0.45 mm to 0.55 mm in the position for the stationary 22Na source. However, in
the PEPT rotating mill data, the range this is applied to covers 120.0 mm x 120.0 mm
from which the contribution of each error, to the overall data, is between 0.38% and
0.45%. These both fall in the acceptable range, with N=500 taken to accommodate for
the aforementioned minimizing of time in LOR reduction). The optimal f is 45% with
these optimal values used to perform the LOR reduction for the tracer in the 10.0 mm
wooden beads, during rotation.
The best N and f values for the mixture of 6.0 mm, 8.0 mm and 12.0 mm glass
beads were obtained in the same manner. Various N and f values were examined and
presented in Figure 5.6 from which the optimal conditions were chosen as N = 500
and f = 35% for the 8.0 mm glass bead tracer, Figure 5.6(a). For the 12.0 mm glass
bead tracer, the optimal values chosen were N = 500 and f = 45%, Figure 5.6(b). These
optimal N and f values were used to perform the LOR reduction for the data acquired
using the 8.0 mm glass bead tracer and the 12.0 mm glass bead tracer.
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FIGURE 5.5: Uncertainties in the LOR reduction as a function of f and
N, measured for a stationary tracer positioned near the centre of the
ECAT EXACT3D HR++ scanner for the 10.0 mm wooden tracer
FIGURE 5.6: Uncertainties in the LOR reduction as a function of f and
N, measured for a stationary tracer positioned near the centre of the
ECAT EXACT3D HR++ PET scanner for (a) 8.0 mm glass tracer and (b)
12.0 mm glass tracer
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5.3.2 Wooden beads
The tumbling mill was filled with 230.0 g of 10.0 mm diameter wooden beads. 68Ga,
with an activity of 2.0 mCi, was embedded into one of the wooden beads and sealed
using resin. This bead acts as the tracer and was added to the wooden beads making
up the mill charge. The mill was placed on rollers, as shown in Figure 5.4, and rotated
at a constant speed of 39.0% of the critical speed.
The PET camera records the tracer location, over time, in the x, y and z direction for
the duration of the experiment. Following the reduction and processing of the LORs,
occupancy plots showing the xy projection and zy projection were obtained and rep-
resent the shape of the mill charge during this constant rotation speed, showing the
achieved steady state of dynamic flow within the tumbling mill system. The xy pro-
jection is shown in Figure 5.7(a) which is obtained by mapping the 3D radial PEPT
measurements onto a 2D Cartesian grid. This process causes the effect of pixelation
in the 2D projection image. The blank pixels (areas) are a result of no significant data
above a statistical threshold. The dark blue region represents a lower occupancy as
the tracer passed through that specific location at a lower frequency for the duration
of the experiment. The red region represents a higher occupancy as the tracer passed
through that location with a higher frequency for the duration of the experiment. The
shape of the mill charge is observed in Figure 5.7(a), and this shows that tracking the
single tracer particle can be used to derive the shape formed by the mill charge, for the
duration of the experiment. The xy projection is compared to the fast neutron radio-
graph taken at the same rotation speed and is shown in Figure 5.7(b), this being the xy
projection.
Figure 5.7 shows an agreement between the shape of the mill charge obtained
when using PEPT to that using FNR. Each technique shows the formation of layers
as the steady state of dynamic flow is achieved within the mill. From the shape of the
mill charge during rotation, the optimal parameters for the best grinding conditions
can be calculated using PEPT, as conducted in Chapter 4 using FNR. The agreement
in the shape of the mill charge, presented by PEPT and FNR, assists in verifying and
understanding the movement of the mill charge when rotating. In Figure 5.7(a), the
PEPT occupancy xy projection shows a higher presence of the tracer at the centre loca-
tions of the tumbling mill, during the tumbling phase, which is the active region of the
mill charge. The increased occupancy of the tracer at the centre can be used to infer a
uniform distribution of 10.0 mm wooden beads through the centre of the mill during
rotation. However, the FNR measurement shows this as a less dense region, which
is highlighted in Figure 4.29. To confirm this, the zy projection was examined and
is shown in Figure 5.8. PEPT records data in three dimensions and therefore allows
the examination of different projects under the same running conditions and from the
same file, a capability that is not present in FNR.
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FIGURE 5.7: Results for the 10.0 mm wooden beads, showing (a) the
PEPT occupancy xy projection and (b) the associated fast neutron
radiograph for the same rotation speed
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Figure 5.8 shows that the tracer visits, at a higher frequency, the areas at the edges
of the zy projection and is not uniformly distributed through the centre of the mill
which supports Figure 5.7(b), which shows a lower occupancy through the centre of
the mill.
As PEPT chronologically records the locations of the tracer during rotation, the
speed at which the tracer moves was also calculated. The three dimensional speed of
the tracer in the two dimensional xy projection is presented in Figure 5.9. The speed
data is related to the specific regions formed within the mill charge as described in
Chapter 4 and is shown in Figure 5.9.
FIGURE 5.8: PEPT occupancy zy projection for the 10.0 mm wooden
beads in the mill charge, during rotation
In Figure 5.9 the blue regions represent the tracer moving slower at that location,
when compared to the tracer moving faster in the red regions. The blue region forms
the majority of the mill charge at this rotation speed and is a part of the rising region
of the mill charge, which is related to Figure 4.8 in Chapter 4. The number of beads
present in the rising region will become the source of beads that will eventually feed
into the active region. The faster moving red region is the active region and is the
region that promotes a more active comminution of the mill charge. The faster beads
have higher speed when falling into the impacted toe which is shown by the high
speed region on the cascade surface of the mill charge. This also contributes to better
comminution. The speed data obtained from the PEPT technique shows the different
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regions formed in the mill charge, which is a result of its rotation, which is also con-
firmed in the average velocity field shown in Figure 5.10.
The time average velocity field, Figure 5.10, shows the movement of the mill charge
for each specific region and also the speed at which the tracer moves within the region,
re-affirming the data given by occupancy and speed, where it is observed that the
rising region feeds into the active region.
FIGURE 5.9: Speed of the tracer in the xy projection for a mill charge
comprised of 10.0 mm wooden beads
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FIGURE 5.10: The average velocity field in the xy projection for a mill
charge comprised of 10.0 mm wooden beads
5.3.3 Glass beads
The tumbling mill was filled with glass beads having the characteristics presented in
Table 5.1. For the first case 68Ga, with an activity of 1.20 mCi, was embedded into a
8.0 mm glass bead and sealed with resin to make the tracer, followed by a second
tracer which was made by embedding 68Ga, with an activity of 1.20 mCi, into a 12.0
mm glass bead, sealed with resin. The LORs from this tracer were chronologically
recorded and analysed, as done for the 10.0 mm wood case.
The mill rotated at a constant speed of 31.0% of the critical speed. The PEPT oc-
cupancy xy projection is presented in Figure 5.11, with Figure 5.11(a) showing the
occupancy given by the 8.0 mm glass tracer and the behaviour of the 8.0 mm glass
TABLE 5.1: Characteristics of glass beads used to perform the PEPT
experiments
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beads on average. Figure 5.11(b) shows the occupancy given by the 12.0 mm glass
tracer and the behaviour of the 12.0 mm glass beads on average.
The recorded tracer location over the duration of the experiment shows the shape
of the mill charge during rotation, Figure 5.11, with the pixelation and empty spaces
occuring as in the 10.0 mm wooden bead tracer scenario. The shape achieved using
PEPT is compared to the FNR image, Figure 5.11(c). Figure 5.11(a) shows the tracer
visiting the centre of the mill charge more frequently than the other regions as op-
posed to Figure 5.11(b) which shows the tracer avoiding the centre. The FNR in Fig-
ure 5.11(c) cannot distinguish between bead sizes in this way. The comparison shows
that both techniques observe the formation of layers and the achieved steady state of
dynamic flow during rotation, from which the optimal conditions for grinding can be
calculated, as was done in Chapter 4. FNR is dependent on the attenuation of the fast
neutrons by the glass beads from which conclusions can be drawn on the overall den-
sity distribution of the glass mill charge, but FNR cannot distinguish between bead
sizes.
From this observation it is concluded that the different regions of the mill charge
are occupied more frequently by beads with specific diameters, i.e. smaller beads
collect at the centre and larger beads move to the outer regions of the mill charge dur-
ing rotation. Therefore the PEPT can selectively study a specific species of particle or
phase of material that forms a part of a composite mixture.
The occupancy xy projection, for the 8.0 mm glass tracer, shows a higher frequency
of occurrence of the tracer through the centre locations of the mill charge. This is con-
firmed by examining the occupancy zy projection, Figure 5.12(a), which also shows
the occupancy of the 8.0 mm glass tracer occurring more frequently through the cen-
tre of the mill charge during rotation. For the 12.0 mm glass tracer the occupancy zy
projection, Figure 5.12(b), shows the tracer having a higher frequency of occurrence
along the outer layers of the mill charge.
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FIGURE 5.11: Results showing the PEPT occupancy xy projections for
(a) 8.0 mm glass tracer, (b) 12.0 mm glass tracer and (c) the FNR image
at the same rotation speed
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FIGURE 5.12: Results showing the occupancy zy projection for the mix
of glass beads with (a) 8.0 mm glass tracer and (b) 12.0 mm glass tracer
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The three dimensional speed of the tracer in the two dimensional xy projection
is presented in Figure 5.13, which shows the speed of the 8.0 mm glass tracer, Fig-
ure 5.13(a) and the speed of the 12.0 mm glass tracer, Figure 5.13(b). The speed data
shows the areas that contribute to the rising and active regions of the mill charge. The
speed data from the 12.0 mm glass tracer has a larger active region when compared
to the speed data from the 8.0 mm glass tracer, this is due to the 12.0 mm glass tracer
having a higher frequency of occurrence in the outer locations of the mill charge and
is thus subject to more of the rotation effects. This is a fundamental characteristic of
comminution where bigger particles are broken down into smaller parts by moving
through the rising region into the active region of the mill charge.
The time averaged velocity field for the two tracers is presented in Figure 5.14.
The fields show the movement of the beads through each of the regions within the
mill charge. The average velocity of the 8.0 mm glass tracer and the 12.0 mm glass
tracer are affected more by their presence within the specific rising, active or in-flight
regions. This relates to the basic process within the tumbling mill during rotation as
each region feeds into another, to facilitate better comminution.
This correlation shows the complementarity of the techniques with the PEPT tech-
nique being able to record the location of the tracer, in three dimensions, from which
the shape of the mill charge can be presented in the xy and zy projections. Both tech-
niques can be applied to opaque, dense and turbulent systems where optical tech-
niques will fail. The data takes a longer time for an adequate number of LORs to be
acquired for these PEPT projections. A minimum of 15.0 minutes per acquisition is
needed to get a first estimate of the bulk shape, where FNR takes 5.0 seconds. How-
ever to improve the statistical accuracy, both techniques benefit from longer acquisi-
tions.
Both PEPT and FNR can present the shape of the mill charge and layering of the
beads, during rotation, and represent the steady state of dynamic flow. In addition,
PEPT can distinguish between beads of different diameters and also present the speed
of the tracer at each location, which is useful for examining the different regions of
the mill charge during rotation. PEPT also records data in three dimensions and al-
lows for the examination of different projections from the same data set which cannot
be done using FNR. FNR is a complementary technique to PEPT as it can, from the
xy projection, show the overall density distribution of the mill charge in zy and has a
shorter acquisition time. Together these techniques provide a deeper and more com-
plete understanding of the dynamics of the internal mill charge experienced during
rotation.
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FIGURE 5.13: Speed of the tracer in the xy projection for (a) 8.0 mm
glass tracer and (b) 12.0 mm glass tracer
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FIGURE 5.14: The average velocity field in the xy projection for a mill
charge comprised of (a) 8.0 mm glass tracer and (b) 12.0 mm glass tracer
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Chapter 6
Flow of Water through Porous
Media
6.1 Introduction
Water content and its associated flow within media such as sand, soil or concrete are
important parameters related to structural integrity. The ability to optimize the fluid
flow in structures plays a pivotal role in planning for the best structural designs and
for the best water saving. The inherent porosity of the media facilitates the internal
flow or trapping of the water, which in turn influences the transmutation of water to
the dryer areas.
One parameter used to classify the flow of water through media is the hydraulic
conductivity, k. This is an intrinsic property of the medium and is related to the abil-
ity of the medium to transmit fluid. In sand, for example, it represents the ease with
which water can move through the pores of the sand. Hydraulic conductivity is af-
fected by the intrinsic permeability and saturation of the sand as well as the density
and viscosity of the water. Knowledge of k is important for understanding the move-
ment of water through sand, transport of water through to roots and the flow of water
to drains.
The water content in concrete and sand is also an important parameter related to
the structural integrity of a building. One contributing reason to cracking of building
structures is the water content present in the concrete or sand, which when insuffi-
cient, creates voids in the structure which facilitates cracking or spalling. Slowing the
cracking process in concrete or sand is better understood when the internal water con-
tent is known [104]. This directly relates to strength, efficiency, safety and life time of
structures. Testing a sample for its porosity, sorptivity and water retention capability
is a traditionally destructive process and does not allow for quick testing on site [105].
The flow of water moving along a pressure gradient is a feature of the pore struc-
ture of sand and is modelled as a capillary tube [106]. Sand pores form capillaries
which makes the flow of water through them similar to that of the flow of water
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FIGURE 6.1: Representation of the application of Darcy’s Law for the
flow of water through porous sand
through capillary tubes of a constant diameter. The capillary tube has an internal
pressure gradient related to the slope of the tube and this promotes the flow of water
along the gradient, which is proportional to the rate of flow. The pressure gradient is
directly related to the size of the grains, where small grains act as small pores having
a lower hydraulic conductivity and the opposite applies for large grains. It is then
possible to account for the water that flows from a point of high matric potential to
low matric potential (dry) [107].
The study of the flow of water was quantized by Darcy, who examined the flow
of water through saturated sand for the city of Dijon. He derived an equation, the
so called "Darcy’s Law" Equation (6.1), which describes the hydraulic conductivity (k)
[3]. The constant head method is typically applied for granular sand. The hydraulic
head (or head) is made up of the pressure head and elevation head, which is a mea-
sure of the potential of the water fluid due to gravity, at a measured point, which is
represented by the vertical tubes in Figure 6.1. In this procedure, water is observed
to move through the sand, under a steady state head condition, while the quantity of
water moving through the sand is measured over time.
The hydraulic conductivity, k, is calculated by knowing Q, the quantity of water
measured which in this case is the volume of water present, L the length of the spec-
imen at time t, A the cross-sectional area and h the head height. Darcy’s Law is thus






Another method used to calculate hydraulic conductivity makes use of the air en-
try head and accounts for the rate of decrease of the hydraulic conductivity over the
increasing suction head, Figure 6.2, and is given by Gardner’s Equation (6.6) [4].
The rate of capillary rise in the soil describes the flow of water from lower to a
higher elevation across the hydraulic pressure gradient. The three fundamental as-
pects of the rise of water are [4]:
• the maximum height of the capillary rise (hc);
• the fluid storage capacity of capillary rise; and
• the rate of capillary rise.
Each aspect contributes to the water flow. An assumption made in the theoretical de-
velopment, is that the flow will be governed by Darcy’s Law [108] with the hydraulic





where hc is the maximum height of capillary rise and z is the height measured pos-
itively upward. A graphical representation for the movement of water is shown in
Figure 6.2 which also shows the air-entry head, hτ .
Using Darcy’s Law, the capillary rise takes on the form given in Equation (6.3),




were q is the discharge velocity, ks the saturated hydraulic conductivity and n the
porosity of the soil. Obtaining the time taken, t, for capillary rise is achieved by com-
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FIGURE 6.2: Conceptual model for capillary rise of water in sand with
a water content curve on the right
which has an initial condition of t and z being zero. Equation (6.4) [108] gives a relation
between the time and height of capillary rise. Another form for the rate of capillary









from which Gardner’s Equation [4] for the hydraulic conductivity is derived and
shown in Equation (6.6),
k = ksexp(−τz). (6.6)
Here ks is the saturated hydraulic conductivity, τ the inverse of the air-entry head
and z the height along the suction head, presented in Figure 6.2.
6.2 Experimental setup
The experiments were carried out on the polychromatic beamline at the PTB facility in
Braunschweig. The fast neutron beam is produced via the 9Be(d,n) reaction occurring
at the target station of the CN28 isochronous cyclotron. The cyclotron has an incident
deuteron beam energy of up to 11.50 MeV. A 3.0 mm 9Be target is used with the reac-
tion producing a fast neutron beam having an energy spectrum ranging from 2.0 MeV
– 15.0 MeV with a peak at 5.50 MeV [77].
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FIGURE 6.3: Experimental setup of the sample showing the directional
flow of water while employing the constant head method to determine
the hydraulic conductivity
The deuteron beam spot is approximately 5.0 mm with a beam current of 40.0 µA
yielding a fast neutron flux of 108 n s−1 cm−2. As fast neutrons interact with the atomic
nuclei and have a higher interaction cross-section for lighter elements [75], they are
favoured for this study due to the abundance of lighter elements in water. The con-
stant head method is employed using a cylindrical container with a diameter of
8.70 cm and a height of 14.0 cm, placed in a bath of water. The cylinder is filled with
dehydrated sand with the setup presented in Figure 6.3 and the schematic shown in
Figure 6.4. The fast neutron radiographs were recorded using the same system de-
scribed in Section 4.2.
The setup presented in Figure 6.3 is placed 1.20 m away from the target station of
the cyclotron and positioned to be in contact with the scintillation screen of the fast
neutron imaging detector. Water fills the dish in which the cylinder is placed. The
flow of water through sand is imaged using the fast neutron detector with the images
obtained for an acquisition time of 12.0 s.
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FIGURE 6.4: Schematic showing the flow of water for the setup
presented in Figure 6.3
TABLE 6.1: The effective thickness of each region of interest used in the








The flow of water through sand, shown in Figure 6.3, is imaged using fast neutron
radiography and presented in Figure 6.5. The five Regions of Interest (RoIs) are de-
fined and presented in Figure 6.6. The flow of water through these regions of interest
is used to calculate the important characteristics related to the flow of water through
sand. Each region of interest has a cross-sectional area of 1.45 cm2 and thickness, xRoI ,
as given in Table 6.1.
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FIGURE 6.5: Fast neutron radiographs showing the absorption of water
in a cylinder of sand. The increasing presence of water in the sand is
represented by the dark region that grows as a function of time
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FIGURE 6.6: The regions of interest, referred to in Table 6.3, used to
examine the flow of water through the sand sample
The Beer-Lambert Law, Equation (4.5), is applied to the transmission of the fast
neutrons through the five regions of interest, Iws and Is. Iws is the transmission
through the water-sand mixture, Is the transmission through the sand and Iw is the
transmission through pure water. These are time dependent and presented in
Figure 6.7.
The transmission of the neutrons through the regions of interest decreases with in-
creasing time; this is due to a higher volume of water present within the RoIs. The ratio
Iws/Is plateaus over time which is a result of the region of interest reaching saturation.
RoI1 saturates faster than the other regions of interest and this is due to RoI1 being
closer to the source of water. This trend can be observed through each of the other
regions of interest, as over time the water progresses up along the hydraulic gradient
and begins to saturate the higher lying regions.
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FIGURE 6.7: Comparing the transmission of fast neutrons through the
sample during water absorption examined at different
regions of interest
This is a complex system with a mixture of materials each having its own attenu-
ation coefficient. There is, therefore, a contribution from both water and sand to the
overall attenuation of the sample. Representing the sample as two independent parts,
Figure 6.8, which has an overall thickness xα, the thickness contribution of water and
sand to the overall sample thickness, is given by αxα and (1− α)xα respectively.
Examining the transmission and attenuation of the mixed sample, a function is
derived for the factor α using the technique of Anderson et.al [109], which calculates
the contribution of water in the complex system. The term α is known as the volume
contribution factor and varies with time. If there are more than two contributors to the
attenuation, a single neutron energy will not be sufficient to obtain a volume contribu-
tion factor, and in this case two neutron energies would be required and is explained









Inserting Is = I0e−µsx into Equation (6.7),
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where Equation (6.8) gives the volume contribution factor α, for the mixed sample.
Equation (6.8) is applied to each region of interest to calculate α, with the results
presented in Figure 6.9. The volume contribution factor, α, grows faster in RoI1 when
compared to the other regions of interest. Figure 6.9 shows an initial faster growth,
indicative of a fast absorption rate and a plateau in the rate after 240 s as RoI1 tends
toward saturation.
The presence of water along the height of the suction head at a time of 12 s,
240 s, 360 s, and 480 s respectively, is used to obtain the value for the inverse air-entry
head, τ . This is calculated using a water content curve. The inverse air-entry head τ is
measured from the profiles presented in Figure 6.10.
Figure 6.10 shows the water content along the height of the cylinder, with the lower
regions showing a higher presence of water, over time, and the higher lying regions
showing a lower presence of water, which is due to the hydraulic conductivity falling
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FIGURE 6.9: Increasing volume contribution of water in sand, observed
over the acquisition time
off over the increasing suction head. At each time the water content profile changes
as the water moves along the suction head and from each profile the inverse air-entry
head, τ , is calculated and the values for τ are shown in Table 6.2.
The saturated hydraulic conductivity of sand, ks, was calculated using the Allen




TABLE 6.2: The inverse air-entry head (τ ) values for the sample taken
at different times during the absorption of water






FIGURE 6.10: Water content of the sample along the suction head
obtained at times of 12 s, 240 s, 360 s and 480 s
and for garden sand the range for the diameter of the sand particles D and the nor-
malization constant C are given as [110],
D10 = 0.1− 0.3 cm
C = 40− 80 cm s−1
with the ks range calculated below
ks = (0.1)
2(40)− (0.3)2(80)
= 0.4− 7.2 cm s−1.
Using this range of values for ks and the values in Table 6.2, the hydraulic con-
ductivity k of the sand is calculated using Equation (6.6) along the suction head and
presented in Figure 6.11. A hydraulic conductivity k is performed at a time of 360 s, a
height of 9.3 cm (a combination of L and h from Darcy’s Law below) and ks of
5.84 cm s−1,
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FIGURE 6.11: The hydraulic conductivity along the suction head of the
sample obtained from Gardner’s Equation at different
observation times
k = ks exp(−τz)
= 5.84 exp(−0.86(9.3))
= 0.00297 cm s−1.
In a similar way, k is calculated for the times mentioned in Table 6.2. Figure 6.11
shows that the higher hydraulic conductivity occurs at the regions of interest closer to
the water source when compared to the higher lying regions of interest.
Figure 6.11 shows how the hydraulic conductivity k changes along the suction
head as time increases. These results are to be compared to the results obtained when
calculating k using Darcy’s Law, Equation (6.1), which produces values for k at a spe-
cific length L from the quantity (volume) of water Q passing through an area A. These
parameters are obtained from the fast neutron radiograph and inserted into
Equation (6.1). As water is absorbed along the suction head, there will be a unique L,
Q and A at each specific time t. The value of Q is calculated comparing the attenuation
coefficient at a length L and the attenuation coefficient of water µw. The parameters
used to calculate k are given in Table 6.3.
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FIGURE 6.12: Regions used to obtain the required parameters for
application in Darcy’s Law
Figure 6.12 has a Region 1 and a Region 2, both of equal area, A. Region 1 is fully
saturated while Region 2 is comprised of both water and sand.
The ratio Iws/Is from Region 2 is compared to the ratio Iw/Is from Region 1 and
gives a percentage contribution of water present in Region 2. The volume of water
in Region 1 is multiplied by the percentage contribution between Region 1 and Re-
gion 2, yielding the quantity of water present in Region 2. For t = 360 s the ratios,
(Iws/Is)/(Iw/Is), give the percentage contribution of water in Region 2 as 12.8% when




where 119.38 cm3 is the volume of water in Region 1. Inserting these into Equation







= 0.00297 cm s−1
(6.11)
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TABLE 6.3: Input parameters for Darcy’s Law to calculate the hydraulic
conductivity, k
Time (s) Q (cm3) L (cm) h (cm) A (cm2)
12 0.34 0.97 0.478 10.35
240 8.13 5.92 1.157 56.85
360 15.28 7.29 1.75 59.52
480 54.74 7.67 2.179 147.63
TABLE 6.4: Comparison between the Darcy’s Law calculation and
Gardner’s Equation calculation





which compares favourably to the value calculated using Gardner’s Equation, at
t = 360 s. Similar calculations are carried out for t = 12 s, 240 s and 480 s.
Inserting these parameters into Equation (6.1), the value of k is calculated using
Darcy’s Law and presented in Figure 6.13 which shows the values of k calculated at
varying times.
Figure 6.13 illustrates the changing hydraulic conductivity when compared to the
matric potential, over increasing time [107]. The higher-lying regions are dryer and
have a low matric potential with a higher k. As water travels to the higher regions,
this increases the matric potential and lowers the value of k, which is shown by the
hydraulic conductivity diminishing for t = 12 s, 240 s, 360 s, and 480 s.
Comparing the values for k obtained from Darcy’s Law and Gardner’s Equation, a
good agreement between the results from the two methods is observed and shown in
Figure 6.14 and Table 6.4, which emphasises the benefits of FNR to yield quantitative
information for this porous media system.
The results given in Figure 6.9 present the amount of water absorbed and the
amount of water present in a sample, at a given time, when compared to a dry sample.
The benefit of using fast neutron radiography is the high attenuation of fast neutrons
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FIGURE 6.13: Hydraulic conductivity of the sample calculated using
Darcy’s Law, along the length of the sample
by water and an increased penetration of fast neutrons, which allow for the examina-
tion of thicker samples. The water is absorbed through the sand and the amount of
water present is calculated and shown by an increase in α. When compared to water
absorption examined using thermal neutrons [112], the fast neutron radiography in-
vestigation can analyse thicker samples.
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FIGURE 6.14: The comparison of the hydraulic conductivity between
Darcy’s Law and Gardner’s Equation over time on the lower x-axis and




Fast Neutron Radiography (FNR) exploits the characteristics of fast neutrons to pro-
vide a non-destructive method that can determine the structure and elemental com-
position of materials in bulk. FNR has the potential of adding benefit to industrial
applications in order to optimize both constitutional design and operation. Recent
advances in fast neutron sources and the electronics associated with FNR systems, en-
ables the FNR technique to positively impact applications requiring a high repetition
rate, in order to examine larger samples.
This work had three components, the first of which investigated the development
of a new FNR system at Necsa, for the purpose of identifying lower atomic number
materials and the internal structures of cultural heritage samples. The second, per-
formed measurements in which FNR was applied to systems that examined the flow
within a column and a cylindrical mill. The third combined, for the first time, FNR
and PEPT which were used to observe the dynamic flow within a tumbling mill sys-
tem.
Optimizing the transmission of the deuteron beam onto the target of the Radio Fre-
quency Quadrupole (RFQ) accelerator at Necsa, using the High Energy Beam Trans-
port (HEBT) system, enabled the creation of an intense fast neutron source, which was
applied to the preliminary FNR tests. The quantitative evaluation of samples showed
the ability of FNR to penetrate larger samples and identify lower Z materials, such as
polyethylene. A consequence of the evaluation, in which water in an aluminium can-
nister was imaged, was an investigation to quantify the movement of water through
porous media.
When observing the flow of water through a sample of dehydrated sand, FNR was
able to follow the progression of the waterfront, through this porous media, as a func-
tion of time. The advantage afforded by FNR in this observation is its ability to observe
the flow of water through thicker samples. The presence of water and associated vol-
ume within the sand sample was then determined. The hydraulic conductivity, k, of
the sand was calculated using both Darcy’s Law and Gardner’s Equation with a good
correlation achieved between the two methods. The present results impact fields
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where the movement of water in structures relates directly to the structural integrity
and intrinsic permeability.
The FNR technique was also applied to examine the movement of the mill charge
within a laboratory-scale tumbling mill during rotation. The steady state formed by
the dynamically moving mill charge was observed in the radiographs acquired. The
shape of the mill charge, at specific rotation speeds, was used to derive several oper-
ational parameters that are related to the overall milling efficiency. Furthermore, the
parameters of the tumbling mill used to describe the shape of the mill charge has po-
tential in the modelling of these turbulent flow systems. This benefits the industrial
mining sector where the optimal tumbling mill design, before up-scaling, is crucial in
the development and success of the ore crushing mills.
The technique of FNR gives one the ability to examine samples with a larger cross-
sectional thickness, when compared to thermal neutrons (due to the fast neutron pen-
etration depth into the sample) and samples rich in low z materials. The advantage of
this is the ability to examine samples that have a high abundance of elements like hy-
drogen, or who have distinct fast neutron resonances. FNR provides a complementary
advantage over other radiography techniques like thermal neutron radiography and
x-ray scanning, whose advantage is in scanning samples with a lower cross-sectional
thickness and high z materials, respectively. The rarity of discrete fast neutron sources
results in a limitation of this technique, along with sensitivity to setup and scatter,
which adversely affect the final image resolution.
The Positron Emission Particle Tracking (PEPT) method was also used to examine
the motion of the mill charge by tracking a tracer element that was embedded within
the mill charge itself. The sequential recording of the lines of response, which triangu-
late the position of the tracer with time, was used to determine the overall projected
shape of the mill charge for the steady state condition. Emission/PEPT imaging has
the advantage of tracking the movement of a single positron emitting particle to as-
certain the flow of the bulk media. From this, the time averaged shape and evolution
of the media can be tracked and analysed. A disadvantage relates to the time needed
to obtain full comprehensive information for this ergodic system.
Comparing the results from the PEPT investigation to those obtained from FNR,
showed for the first time a collation for the shape of the mill charge during rotation.
PEPT also provides a more detailed account of the motion of the beads within the
mill, during the tumbling phase, and this provides a deeper insight into the move-
ment and distribution of the beads during rotation. PEPT also has the capability of
selectively tracking beads of different diameters, which adds a further dimension into
understanding the interactions between the components that comprise the rotating
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mill charge.
7.1 Recommendations and Future Work
To be able to distinguish between two materials with different attenuating coefficients,
two neutron energies are required when performing FNR with a theoretical descrip-
tion presented in Appendix A. This will enable FNR to identify and isolate each of the
materials within a composite mixture. To test this approach, an experiment is to be
performed on a tumbling mill system, having a composite mill charge comprised of
two attenuating materials, which must then be exposed to two independent neutron
energies when applying the FNR technique. The two independent neutron energies
can be obtain by using the D(d,n)He reaction which is explained by Equation 2.8 and
Figure 2.18. The method derived in Appendix A will be applied to the acquired FNR
data to determine the ability to distinguish between materials with different attenua-
tion coefficients.
Further future studies include the assembly and commissioning of the further de-
veloped fast neutron radiography system at Necsa (described in Section 3.7.4). The
system will be applied in investigations that require the non destructive examination
of valuable cultural heritage samples, which will be used in evolutionary studies and
will also be applied to expand into the examination of flowing systems. A future drive
of the new FNR system will be to implement a turn table that will launch the devel-
opment toward a Fast Neutron Tomography (FNT) system.
The technique of PEPT will also be applied in the future to a study that involves the
separation of irregularly shaped beads from spherical beads, while using a vibrating
plate. The energy transferred onto the beads by the vibrating plate, governs their
motion and the separation of the perfect/imperfect beads will be investigated with
the outcomes being used to provide valuable parameters that will assist in building





A composite mix of three attenuating materials comprising a sample, is difficult to
resolve, using a single neutron energy for the FNR application. The volume fraction
calculated in Equation (6.8) can resolve between two independent attenuating ma-
terials but not for three, as the equations are coupled and cannot be resolved. The
composite system is represented as shown in Figure A.1.
A.1 Single Energy
Applying Equation (4.5) to the composite system in Figure A.1 and simplifying it is
obtained,
I = I0 exp (−Σiµixi)
= I0 exp (−µAαx− µBβx− µC(1− α− β)x) (A.1)
where Equation (A.1) shows the volume contribution and attenuating coefficient of the
system. Using this together with the attenuation of the pure material C it is derived,
IC = I0 exp (−µCx)
and inserting into Equation (A.1) this simplifies to,
I
IC








= α(µC − µA) + β(µC − µB) (A.2)
with constants µA, µB, µC , IIC and x together with the unknowns α and β. This is a
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FIGURE A.1: Three attenuating materials in a composite system
single equation with two unknowns and therefore cannot be resolved using a single
fast neutron energy.
A.2 Two Energies
Following the single neutron energy case, two different neutron energies are used in
















= α(µ2C − µ2A) + β(µ2C − µ2B) (A.4)
with Equation (A.3) and (A.4) representing the calculation of the volume fraction. I1
and I2 are the transmission through the sample at neutron energies one and two, re-
spectively. I1C and I2C are the transmission through a pure sample, C, at neutron
energies one and two. µij defines the attenuation coefficient taken at neutron energy i
(i = 1 or 2) for material j (j = A, B or C).












− β (µ1C − µ1B)
]
(A.5)
and placing in Equation (A.4) and defining µij − µik = µijk for j, k = A,B,C and
i = 1, 2, β is derived below,











































































Using Equation (A.7) and Equation (A.8), the volume fraction of each of the mate-
rials A, B and C can be obtained using two distinct neutron energies.
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